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Abstract 
Electrochemical Silver Sensors for Photographic Processes 
A range of novel silver ionophores was synthesised based on the l,3-dithiole-2-
thione-4,5-dithiolate (DMIT) building block. These were incorporated in ion-selective 
electrodes (ISEs) and applied to the determination of silver ion in photographic process 
solutions of interest to Kodak. 
Two classes of compounds were synthesised incorporating acyclic silver binding 
sites. The first class of compounds were 1,3 dithiole-2-ones functionalised with (i) a silver 
binding chain, and (ii) an alkyl chain, the latter allowing a range of compounds to be 
synthesised of varying lipophilicity. These compounds were applied as silver ionophores in 
plasticised PVC membranes and incorporated in ion-selective electrodes. The newly 
synthesised ionophores were compared to silver ionophores in the literature and to those 
previously used by Kodak. The membrane composition was optimised for silver ion 
selectivity over a range of metal cations of relevance to photographic process solutions. 
Samples of photographic emulsions were supplied by Kodak and subsequent analysis 
demonstrated successful detection of silver ion to micromolar levels with the ISE 
incorporating the newly synthesised ionophores. 
The second class of compounds was based on the tetrathiafulvalene (TTF) building 
block. A TTF derivative was synthesised incorporating two acyclic silver binding chains 
and a hydrophobic domain. The reversible redox properties of this compound enabled it to 
be applied as a transducer suitable for voltammetric analysis of silver ion. Titration of a 
solution of the new TTF compound with silver ion revealed that it was very sensitive; an 
equimolar quantity of silver ion resulting in a marked change in voltammetric behaviour. A 
silver ion binding constant was determined by ultraviolet spectrophotometry. 
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CHAPTER ONE 
General Introduction 
1.1 The Chemistry of Photography 
The process involved in the formation of a photographic image is summarised in 
Figure 1.1. When photographic film, which consists of an emulsion (a thin layer of gelatin) 
and a base of transparent cellulose acetate or polyester, is exposed to light, silver halide 
crystals suspended in the emulsion undergo chemical changes to form what is known as a 
latent image on the film. This is the invisible precursor of the image and resuhs in such a 
minute change in the sensitive material that no transformation is detectable by existing 
analytical methods i . The formation of the image then involves the action of a developer, 
which is a reducing agent that selectively reduces the exposed crystals to solid silver 
particles. The image produced in this manner is called a negative because the tonal values 
of the subject photographed are reversed; that is, areas in the scene that were relatively dark 
appear light, and areas that were bright appear dark. Once the image is formed it has to be 
fixed, which is achieved by removing the unexposed silver halide using a solution of either 
sodium thiosulfate or ammonium thiosulfate. 
Unexposed 
Film 
Latent Image 
n n o n n 0 
n ii • • n 0 
Image 0 
Developer 
I 
Fixed Image 
Fixer 
I 
Figure 1.1 Schematic representation of the photographic process. 
1.2 Preparation of Photographic Emulsions^ 
A photographic emulsion is defined as a dispersion of photosensitive solid 
microcrystals in a protective colloid, such as gelatin. This differs from the definition of a 
colloid in colloidal science where it designates a heterogeneous mixture of two or more 
phases that do not normally dissolve in each other but form a relatively stable dispersion. 
The preparation of photographic emulsions is a highly complex process that involves 
several distinct phases that are carried out in sequence 
1. The formation of a dispersion of microcrystals of silver halide in a solution of 
protective colloid. 
2. Physical ripening to achieve the desired grain size 
3. The isolation of the dispersion from excess soluble salts 
4. A heat treatment phase which is often carried out in the presence of sensitizing agents, 
which results in the light sensitivity of the emulsion 
5. The addition of specific agents which confer desired properties such as sensitizing dyes, 
anti-foggants and stabilisers. 
The primary process in the preparation is the precipitation of the silver halide salt. This 
is achieved by mixing of the alkali metal halide and the silver salt (typically the nitrate) in a 
protective colloid such as gelatin. I f a solution of alkyl halide and silver salt were mixed in 
aqueous solution the silver halide would just precipitate from the solution. However, when 
this reaction is performed in a solution of gelatin, the gelatin effectively suspends the silver 
in solution. The actual mixing of the halide and silver solutions is done under very 
controlled conditions of temperature, concentration, sequence of addition and rates of 
addition to produce the required dispersion. Two precipitation schemes can be used, one is 
termed the single jet method and the other the double jet method. In the single jet method 
all of the halide is added to the mixing vessel from the start, whereas the silver nitrate 
solution is added gradually, however in the double jet method the halide and silver nitrate 
solutions are added simuUaneously to the mixing vessels. 
The second process, termed physical ripening, involves keeping the dispersion in the 
presence of the solvent to permit the growth and recrystallisation of the individual particles 
of silver halide to the desired grain size. This ripening stage is intended to establish the 
grain size and distribution of the sizes. After ripening, the gelatin may be fi'eed from excess 
soluble salts by either washing or coagulation. Washing of gelatin involves adding 
additional gelatin then cooling to allow it to solidify. The soluble saks and ripening agents 
are then washed from the dispersion with chilled water by osmotic diffusion. Alternatively, 
the gelatin can be cleaned by coagulation, this involves the coagulation of the dispersion 
which allows the supernatant liquid to be removed, followed by the coagulate being 
redispersed in pure water or in a gelatin solution. 
1.3 Properties of Silver 
A good starting point in the design of a silver ligand is to examine the properties 
and orbital arrangements of the Ag* cation itself Elemental silver shares a group with 
copper and gold which all share a single s electron outside a completed d shell. However, 
despite their similar electronic structure and ionisation potentials they exhibit few 
similarities and there are no simple explanations for many of the differences^. A good 
illustration of this point lies in the comparison of the stability constant sequence for halide 
complexes of metals. Most metals display a stability sequence in the order F > CI > Br > I 
whilst Cu^ and Ag^ show the reverse order. Looking at simple silver compounds such as 
the halides there appears to be appreciable covalent character in the Ag-X, interactions, 
with AgCN and AgSCN showing predominantly covalent character. Another notable 
feature of Ag^ is its striking tendency to exhibit linear, 2-fold co-ordination. An 
examination of the atomic orbitals reveals a relatively small difference in energies between 
the filled 4d and the unfilled 5 s orbitals, allowing facile hybridisation, as shown in 
Figure. 1.2. 
d.7 
l i , = \/T (d. 2 - s) V2 fii, +pj 
Figure 1.2 Hybrid orbitals of the silver atom^ 
The hybrid orbital ^2 can then further mix with the pz orbital forming hybrid 
orbitals suitable for forming a pair of linear covalent bonds. Examination of some silver 
complexes shows a greater stability towards ligands containing sulfur atoms, which is 
rationalised as resulting from the polarising power of Ag" and the polarisability of the 
"soft" sulflir atom. The ability of Ag^ to form complexes extends beyond metal ions and 
studies have shown than virtually all alkenes"^ and aromatic^ compounds form complexes 
when shaken with aqueous solutions of silver salts. Recent work on bridged stilbene 
ligands produced the first crystal structure of a silver complex which displayed 
simultaneous coordination at hard ether oxygen atoms and a soft K bond .^ 
1.4 Silver Complexation by Organic Ligands 
In this section some general points on silver complexation by organic ligands are 
discussed; a more specific discussion on silver ionophores is given in section 4.1.4. The 
recognition of a particular metal ion by a ligand occurs when the properties of the ligand 
best match the steric and electronic demands of the metal ion. The most important factors in 
ligand design include the number and type of donor atom, their relative positions, the 
number and size of chelate rings and the solvation demands of the metal ion-complex" .^ The 
original synthetic ligands were macrocyclic as they were based on naturally occurring metal 
binding molecules such as valinomycin and accordingly the majority of synthetic ligands 
are also macrocyclic. 
Crovra ethers are one of the most important classes of macrocyclic ligands. In 
complexation studies between cyclic polyethers and various cations, it was found that 
substitution of oxygen by sulfur or nitrogen greatly influences complexation. Studies 
carried out by Frensdorff using 18-crown-6 and dibenzo-18-crown-6 showed that 
substitution by nitrogen or sulfur increased the affinity of the macrocycle for Ag* whilst 
decreasing its affinity for K^^ observation was taken as evidence for the 
predominance of covalent bonding over electrostatic bonding. Since then a lot of work has 
been published on macrocyclic thioethers where the donor atoms have been systematically 
varied by substituting the oxygen donor atoms for sulfur and nitrogen. '^^ o 
Owing to the popularity of thia crown ethers in ligand design, a lot of work has been 
published on their structural and conformational properties^', in particular the 
SCH2CH2SCH2CH2S "bracket" has been examined using crystallography, NMR 
spectroscopy and molecular dynamics (MD). Early crystallographic work by Dalley'^ on 
dithia- and trithia-crown ethers showed that the macrocyclic thioethers adopted structures 
where the sulfur atoms were directed out of the ring, away from the cavity. Similar work on 
a wider range of crown ethers by Dale'^ illustrates the different conformations adopted by a 
1204 and a 12S4 crown ethers when viewed as a projection on a molecular plane which 
can be seen in Figure 1.3. The sulfur atoms preference to be out of the ring manifests in the 
12-membered ring adopting a conformation with the sulfijr atoms placed at the comers. 
compared to the equivalent 1204 structure where the oxygen atoms appear in the sides of 
the square. 
= Carbon 
12S4 
= Oxygen Q = Sulfur 
Figure 1.3 Conformation of 12S4 crown compared to the 1204 crown, heteroatoms are 
designated by arrows. 
This can be explained by considering the 1,4 E-C-C-E interactions (E = O or S) 
where the 0-C-C-O unit favours gauche placements, whilst the S-C-C-S unit favours anti 
placements. This work was extended by Casabo et al to specific thia-crown ethers based on 
xylyl subunits supplemented by NMR and MD observations i"*. They studied the timescale 
of torsional changes causing the bracket to flip between various conformations, arguing that 
the timescale for torsional changes is expected to be shorter than the diffusion controlled 
ligation process making it pertinent to ion binding. They predicted that complexation was 
more likely to occur between the terminal S atoms of the SCH2CH2SCH2CH2S "rope" of 
these xylyl thia-crown ethers. Whilst these calculations provide a good insight into the most 
likely binding conformation of a given ligand, they are somewhat restricted by the fact that 
they are based on gas phase predictions and do not include ligand reorganisation after 
binding or solvent effects. 
The predominance of the anti or transoid conformation of the S-C-C-S in thioether 
compounds, resufts in the sulfur atoms occupying exodentate positions which are 
unfavourable for metal binding in macrocycles. This has resulted in a lot of work towards 
the design of compounds with preorganised endodentate sulfur atoms by introduction of 
rigid units into macrocyclic rings^ '^*^. 
1.5 Aim of this work 
The silver sensor presently in use at Kodak UK; Harrow, is the silver halide 
electrode which is unsatisfactory. The aim of this work is to develop a new silver sensor 
system. This work involves the design of new silver ionophores which should be selective 
for silver ion over a range of interfering cations. These new ionophores will be incorporated 
into new silver ion electrodes and tested in solutions of interest to Kodak. 
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C H A P T E R T W O 
Synthesis of Novel 
Silver lonophores 
2.1 Introduction 
2.1.1 DMIT Building Blocks 
The ionophores studied in this work are based on the l,3-dithiole-2-thione-4,5-
dithiolate (DMIT) building block. These molecules form a very important part of 
heterocyclic chemistry, with major interest resulting from their applications in modem 
material science and their use as building blocks on tetrathiafiilvalene (TTF) chemistry. The 
rich redox chemistry of 1,3-dithioles and, in particular, the polarizability of the sulfur atoms 
makes their chemistry very interesting as they can support a number of stable oxidation 
states as outlined in Figure 2.1 
Y 
8 7t - anion 
Y = H, P(0)(0R)2, P % , SR) 
neutral 
X= CR2, S, Se, O, NR 
t 
s® 
671- aromatic 
Resonance hybrids 
Figure 2.1 Stable oxidation states of the 1,3-dithiole system. 1 
The original preparation of DMIT was as a side product of a reaction where 
Fetkenheuer et aP- attempted to prepare the all sulflir analogue of the product from the 
Kolbe synthesis of oxalic acid.^ Since then it has been prepared in a variety of ways and the 
most convenient synthesis is that developed by Hoyer et af^ which involves the reaction of 
carbon disulphide with elemental sodium, forming the Na2DMIT salt in solution; further 
reaction of this species with zinc chloride and tetraethylammonium bromide allows the 
9 
DMIT to be trapped as the tetraethylammonium salt of its zinc chelate, as outlined in 
scheme 2.1 
8CS2 8 Na 
DMF 
I V = s + ZnClj + E t ^ B r 
Scheme 2.1 Present synthesis of DMIT 
(EgN+ 
+ 2NaCI + 2Na 
The mechanism of this reaction has been widely investigated by many groups and is 
still a matter of some debate. Initial investigations involved attempts to trap intermediates 
using high performance liquid chromatography (HPLC)^ whilst other groups used 
electrochemical techniques.^ The presently accepted mechanism involves the reduction of 
carbon disulfide forming a radical species which dimerises to form a tetrathiooxalate 
species which reacts with two further equivalents of carbon disulfide and a final reduction 
to form the disodium salt of DMIT, scheme 2 .2. 
2CS2 + 2Na — - ( ^ C S j . ^ 
S - A -
s s 
s' s 
c s . 
s s 
2Na 
NaS' 
Scheme 2.2 Mechanism of Na2 DMIT synthesis 
10 
2.1.2 T T F Building Blocks 
A class of building blocks used in this study are those based on tetrathiafulvalene 
(TTF). These compounds can be prepared in various ways depending on the 
flinctionalisation required. The scope and versatility of the TTF framework is outlined in 
Figure 2.2 
Heteroatom exchange Non-covalent interaction 
Substituents Conjugated spacer units Macrocyclic ring or ligand 
Figure 2.2 Schematic representation of the versatility of TTF building blocks ^ 
As a result of the intense study of TTF derivatives for the preparation of electrically 
conducting and superconducting solids there now exists a diverse range of synthetic 
methodologies for framework assembly"^ . The key step in the majority of the syntheses of 
TTFs involve the formation of the central C=C bond, and this is assembled by coupling 
reactions. These methods involve joining the two halves of the TTF molecule involving the 
formation of the central C=C bond in the last step and they can be applied to symmetrical 
and unsymmetrical molecules making this the most widely used method. Within this class 
of reactions the coupling can be achieved chemically, photochemically or 
electrochemically depending on the fiinctionalisation required. Other methods rely on the 
central C=C bond akeady formed and dithiole rings are assembled onto it, these are termed 
non-coupling methods. The non-coupling methods are not as widely used where sulfur is 
substituted for other chalcogens, however, they do account for all the presently known 
methods for preparing the tetratellurafulvalenes. Of the preparative methods, one stands out 
as the workhorse in TTF synthesis and this is the coupling reaction discovered by Corey, 
Corey and Winter^. This method involves the coupling of DMIT "half units" using trivalent 
phosphorus compounds (tri methyl-, ethyl- or phenyl- phosphites) as shown in scheme 2.3. 
11 
These couplings can be symmetrical (self coupling) or asymmetrical (cross coupling). The 
scope of this reaction is very wide and of particular interest is the cross coupling reaction. 
1 
T > = x x = < j r ^ I M l 
R i ^ S S ^ R ^ R ^ / - S S - ^ R ^ 
R ^ / ^ S S ^ R ^ 
Scheme 2.3 Synthesis of unsymmetrical TTFs, where X = S, O, Se, showing the 
stoichiometry of the statistical mixture of random coupling. 
The proportion of the required cross coupled product can be increased by raising the 
concentration of one of the half units, inevitably leading to a concomitant high 
concentration of one self coupled TTF half units. The separation of mixtures can (and often 
does) pose serious problems, resulting in ease of separation being paramount in choice of 
coupling strategy. There are no "rules " governing the outcome of cross coupling reactions 
but rather a few "pointers" which may be followed to achieve the desired product. The ratio 
of products may be also be altered by activating one of the DMIT units, which can be 
achieved by a transchalcogenation reaction^ where the thione is converted to a ketone using 
mercuric acetate in chloroform-glacial acetic acid solution, as shown in scheme 2.4. 
RS- ,s Hg(OAc)2 
=S CHCI:,/AcOH (3:1) r.t.. 1-16 h. 
85-100% R 
R = alkyl 
Scheme 2.4 Conversion of a thione to a ketone 
12 
Reacting one of the half units as a ketone can favour the cross coupled 
product particularly where the ketone has electron withdrawing groups attached. Careful 
selection of the half units will allow separation of any self coupled products. 
The mechanism of this reaction proceeds through a Wittig type mechanism as 
outlined in scheme 2.5^9. 
X = O, S or Se 
POR3 
Nucleophilic 
Attack 
-PX(0Et)3 
Thermal Elimination 
-PX(0Et)3 
(R0)3f-X 
R ' ^ S S R . 
Scheme 2.5 Mechanism of TTF cross coupling reaction. 
R ' 
R- R' 
R-
Initial attack of one molecule of trialkylphosphite ketone on the chalcogen of the 
C=X group polarises the bond making the carbon nucleophilic allowing it to attack a 
second equivalent of C=X forming a five membered ring which collapses, eliminating one 
equivalent of trialkyl phosphate forming an epoxide. This is then attacked by a second 
equivalent of trialkyl phosphite forming a four membered ring which eliminates a further 
equivalent of trialkyl phosphate forming the final cross coupled TTF. It is the strength of 
the P=X bond which drives this reaction. 
13 
2.2 Experimental 
2.2.1 General Methods 
2.2.1.2 Synthetic 
Reactions were carried out under an inert atmosphere of argon, the gas first being dried by 
passing it through a column of phosphorus pentoxide. All reagents were of commercial 
quality and used as supplied (unless otherwise stated). Solvents were dried and distilled 
using the following reagents; diethyl ether and tetrahydrofijran (sodium metal); chloroform 
and dichloromethane (phosphorus pentoxide); methanol (magnesium methoxide). Acetone 
used was analytical grade and was used without further purification. Column 
chromatography was carried out using Merck silica gel (70-230 mesh). 
2.2.1.2 Characterisation 
Mehing points were recorded on a Kofler hotstage microscope apparatus and were 
uncorrected. Infra-red spectra were recorded on a Perkin-Elmer 337 spectrophotometer 
with samples being prepared as KBr disks or as films on sodium chloride plates. Proton 
NMR spectra were recorded on Varian Gemini 200 (operating frequency of 199.9077 Hz) 
and X L 400 (operating fi-equency of 399.9906 Hz) instruments. Carbon-13 NMR spectra 
were recorded on Varian Gemini 200 and 400 instruments. Unless otherwise stated 
chemical shift values are quoted in ppm relative to tetramethylsilane (TMS) as an internal 
reference (0 ppm) and coupling constants are quoted in Hz. Mass spectra were obtained on 
a VG 7070E instrument with ionisation modes as indicated; the ionising gas used was 
ammonia. 
14 
2.2.2 Compounds Synthesised 
Phenylmethylthia-2-ethanol 2 
To a solution of benzyl mercaptan (10 g, 80.51 mmol) and sodium ethoxide from 
slow addition of sodium (1.86 g, 80.51 mmol) to dry ethanol (200 ml)) was added 
chloroethanol (6.48 g, 80.51 mmol), the reaction mixture was raised to reflux temperature 
and stirred for 12 h. After cooling, the solvent was removed and the residue taken up in 
chloroform (200 ml), washed with water (100 ml) and dried (MgS04); evaporation of 
solvent in vacuo afforded a colourless liquid. The product was distilled using a Kugul Rohr 
apparatus to afford 2 (12.3 g, 91%) b.p. 150 °C @ 0.1 mbar; 6H 250 MHz, CDCI3), 7.36 -
7.21 (5H, m), 3.72 (2H, s), 3.67 (2H, t, J6), 2.63 (2H, t, J6) and 2.15 ( IH, bs). These data 
are in good agreement with literature data.^ ^ 
Benzyl 2-iodoethyl sulfide 3 
To a solution of compound 2 (0.5 g, 2.97 mmol) in dry diethyl ether (50 ml) was 
added phosphorus triiodide (1.83 g, 4.46 mmol). This solution was stirred for 4 h; water 
(100 ml) was slowly added and the organic layer washed with brine (3 x 50 ml), dried 
(MgS04) and concentrated in vacuo to yield a colourless oil 3 (0.83 g, 81%); 6H (200 MHz, 
CDCI3) 7.38 - 7.27 (5H, m), 3.75 (2H, s), 3.18 (2H, t, J 10) 2.87 (2H, t, J 10). These data 
are in good agreement with literature data. 
Bis(tetraethylammonium)bis(1.3-dithiole-2-thione-4.5-dithiolato) 
zincate 4 
This was prepared according to the literature method and isolated as a red solid, m.p. 202-
205 °C (lit., mp^ 208-210 °C). 
4.5-Bis("2'-cvanoethvlthioV1.3-dithiole-2-thione5 
This was prepared according to the literature method and isolated as a yellow solid, m.p. 
82°C (lit., mpl3 84°C). 
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General procedure for compounds 6a-d: 
To a solution of 5 (1 g, 3.28 mmol) in chloroform (50 ml) at room temperature was 
added a solution of caesium hyroxide (0.61 g, 3 .28 mmol) in ethanol (5 ml) and stirred for 
1.5 h, the appropriate alkyl iodide (3.28 mmol) was then added and the mixture stirred for 
12 h. The solvent was removed in vacuo and the product purified by column 
chromatography (silica gel, eluent chloroform : hexane 1 : 1 v/v) to afford the following 
compounds. 
4flV[ethylthio)-5 -(2'-cyanoethylthio)-1.3 -dithiole-2-thione 6a 
From methyl iodide (0.47 g, 3.28 mmol) and isolated as an orange solid , (0.56 g, 63%); mp 
90-91° C (lit.,14 mp 90-91° C); 6H (200 MHz, CDCI3) 3.08 (2H, t , / 6 ) , 2.78 (2H, t, J6) and 
1.56 (3H, s), this compared well with the literature data.^ ^ 
4(Ethvhhio)-5-(2'-cvanoethvlthio)-1.3-dithiole-2-thione 6b 
From ethyl iodide (0.51 g, 3.28 mmol) and isolated as a burgundy solid (0.52 g, 52%); mp 
43 - 44 °C; m/z ( E f ) 279 (M^=, 100 % ) ; 5H (200 MHz, CDCI3) 3.06 (2H, X,J1 Hz), 2.93 
(2H,q,y8), 2.72 (2H, t , / 7 ) , 1.34 (3H,t, J8); 6c (CDCI3) 210.34, 140.78, 132.57, 117.02, 
41.96, 31.91, 23.26, 23.04 and 18.72; Vmax (NaCl, film)/ cm'^  2249 and 1064; Analysis 
found % C 34.34, H 3.24, N 4.70 (CgHgSsN requires C 34.38, H 3.25, N 5.0). 
4(Isopropylthio)-5-(2'-cyanoethylthio)-1.3-dithiole-2-thione 6c 
From isopropyl iodide (0.56 g, 3.28 mmol) and isolated as a burgundy oil (0.53 g, 37%); 
m/z (EI"*") 363 (M*, 100 % ) ; Mass Spectrometry (high resolution) for C9H11N5 requires 
292.9495, Analysis found 292.9485; 6H (200 MHz, CDCI3) 3.42 ( IH, h, J 6), 3.09 (2H, t, J 
= 6Hz),2.72(2H,t , /6),and 1.36 (6H, A, J6); 6c (CDCI3) 210.54, 140.78, 132.57, 117.02, 
41.96, 31.91, 23.26, 23.04, and 18.72; Vmax (NaCl, film)/ cm"' 2250 and 1065. 
4(Butyhhio)-5-(2'-cyanoethyhhio)-L3-dithiole-2-thione 6d 
From butyl iodide (0.60g, 3.28 mmol) and isolated as an orange / brown solid (1.01 g, 
50%); mp 60-61 °C; m/z (Et) 307; Mass Spectrometry (high resolution) for C10H13N5 
requires 306.9652, Analysis found 306.9650; 5H (200 MHz, CDCI3) 3.06 (2H, t,J = 6 Hz), 
2.92 (2H, t, J 8), 2.72 (2H, t, J 8), 1.73 - 1.56 (2H, m), 1.54 - 1.32 (2H, m) and 0.91 (3H, t, 
Jl); 6c (CDCI3) 210.30, 143.17, 128.52, 117.08, 36.33, 31.88, 31.61, 21.65, 18.78 and 
13.48; Vmax (NaCl, film)/ cm"' 2249 and 1062. 
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General Procedure for compounds 7a-d: 
To a solution of 6a-d (as appropriate) (1.79 mmol) in chloroform (50 ml) at room 
temperature was added a solution of caesium hydroxide (0.30 g, 1.79 mmol) in methanol (5 
ml) and stirred for 1.5 h. The ligating chain iodide 3 (2.69 mmol except for 7c which 
required 7.16 mmol) was then added and the mixture stirred for a fiirther 12 h. The solvent 
was removed in vacuo and the product purified by column chromatography (silica gel, 
eluent chloroform : hexane; 1 : 1 v/v) to give the following compounds. 
4-(Methylthio)-5-(phenylmethylthioethylthio)-1.3-dithiole-2-thione 7a 
A burgundy oil (0.47 g, 72 % ) ; m/z ( C f ) 363 (MlT) ; Mass Spectrometry (high resolution) 
for C13H14S6 requires 361.9420, Analysis found 361.9419; 5H 200 MHz, CDCI3) 7.34 - 7.24 
(5H, m), 3.74 (2H, s), 2.95 - 2.85 (2H, m), 2.70 - 2.60 (2H, m) and 2.46 (3H, s) 5c (CDCI3) 
210.59, 141.18, 137.53, 130.30, 128.78, 128.61, 127.28, 36.26, 36.17, 30.78 and 19.05; 
Vmax (NaCl, film)/ cm"' 3081, 3058, 1600 and 1064. 
4-(Ethvlthio)-5-(phenvlmethvlthioethvlthio)-1.3-dithiole-2-thione 7b 
A burgundy oil (0.34 g, 51%) m/z ( C f ) 377 (MH^ Mass Spectrometry (high resolution) for 
C14H16S6 requires 375.9677, Analysis found 375.9672 6H (200 MHz, CDCI3) 7.38-7.25 
(5H, m), 3.75 (2H, s), 2.98 - 2.83 (4H, m), 2.71 - 2.62 (2H, m) and 1.33 (3H, t, J6);5c 
(CDCI3) 210.89, 138.95, 137.51, 133.52, 128.77, 128.60, 127.28, 36.27, 36.19, 30.85, 
30.74 and 14.87; Vmax (NaCl, film)/ cm'' 3058, 3025, 1600 and 1065. 
4-(Isopropylthio)-5-(phenylmethylthioethyhhio)-1.3-dithiole-2-thione 7c 
A burgundy oil (0.29 g, 37%) m/z ( C f ) 391 (MH^) Mass Spectrometry (high resolution) 
for CijHigSe requires 389.9834, Analysis found 389.9830; 5H (200 MHz, CDCI3) 7.37 -
7.25 (5H, m), 3.75 (2H, s), 3.37 ( IH, h J 6). 3.00 - 2.91 (2H, m), 2.71 - 2.60 (2H, m) and 
1.31 (6H, d, J 6); 5c (CDCI3) 211.11, 137.54, 137.25, 136.65, 128.81, 128.66, 127.35, 
41.73, 36.31, 36.25, 30.78 and 23.22; Vmax (NaCl, film)/ cm"' 3059, 3025, 1600 and 1066. 
4-(ButvlthioV5-(phenvlmethyhhioethvhhio)-1.3-dithiole-2-thione 7d 
A burgundy oil (0.68 g, 95%) m/z {Ct) 406 ( M H ^ Mass Spectrometry (high resolution) 
for C16H20S6 requires 403.9991, Analysis found 403.9996; 5H (200 MHz, CDCI3) 7.37 -
7.24 (5H, m), 3.74 (2H, s), 2.87 - 2.81 (4H, m), 2.70-2.61 (2H, m) 1.69 -1.52 (2H, m) and 
1.48 - 1.34 (2H, m) and 0.93 (3H, t, J 7); 5c (CDCI3) 210.84, 139.43, 137.49, 132.88, 
128.74, 128.56, 127.23, 36.27, 36.23, 36.12, 31.48, 30.70, 21.53 and 13.43; Vmax (NaCl, 
film)/ cm"' 3059, 3025, 1601 and 1064. 
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General Procedure for compounds 8a to 8d: 
To solution of 7a-d (as appropriate) (0.25 mmol) in chloroform / acetic acid (3:1 
v/v, 20 ml) was added mercuric acetate (0.625mmol) at room temperature and stirred for 10 
h. The precipitate was recovered by filtration using celite and washed with chloroform (3 x 
25 ml). The organic extract was refluxed with activated charcoal, washed with sodium 
bicarbonate (4 x 25 ml), dried (MgS04) and concentrated in vacuo yielding the following 
compounds. 
4-(Methylthio)-5-(phenylmethylthioethylthio)-1.3-dithiole-2-one 8a 
A clear oil (70 mg, 73 % ) ; m/z ( E I ^ 346; 6H 200 MHz, C D C I 3 ) 7.32 - 7.20 (5H, m), 3.74 
(2H, s), 2.95 - 2.85 (2H, m), 2.70 - 2,60 (2H, m) and 2.44 (3H, s); 6c (CDCI3) 189.53, 
137.68, 132.12, 128.83, 128.65, 127.29, 121.86, 36.20, 36.11, 30.81, and 19.22; Vmax 
(NaCl, film) cm-' 2919, 1667 and 1614 , Analysis found % O 44.76, H 4:07 (C13H14S50) 
requires C, 45.06, H, 4.07) 
4-rEthvlthioV5-(phenvlmethvlthioethvhhio)-1.3-dithiole-2-one8b 
A dear oil (34 mg, 51%) m/z (Et) 360 6H (200 MHz, CDCI3) 7.25 - 7.19 (5H, m), 3:67 
(2H, s), 2.84 - 2.71 (4H, mX 2.61 - 2.55 (2H, in) and 1J24 (3H, t, J 6).5c (CDClj) 189.7D, 
137.68,129.74,128.84,128.67, 127.32„124.86,36.24, 36.17, 30.84,30.82 and 14.89; Vmax 
(NaCI, film)/ cm-' 2963, 2924, 1667 and 1612; Analysis found % C, 46.49; H 4.07 
(C14H16S5O requires C 46.43; H 4.47). 
4-(Isopropylthio)-5-(phenylmethylthioethylthio)-1.3-dithiole-2-one 8c 
A clear oil (53 mg, 55 % ) ; m/z ( E f ) 374; 6H (200 MHz, CDCI3) 7.29 - 7.19(5H, m), 3.67 
(2H, s), 3.23 ( I H , hJ =6 Hz). 2.90 - 2,82 (2H, m), 2.62 - 2.54 (2H, m) and 1.26 (6H, d, J 
6); 5c (CDClj) 189.78, 132.20, 128.84, 128.67, 127.60, 127.33, 41.48, 36.26, 36.21, 30.84, 
29.68 and 23.14; Vmax (NaCl, film)/ cm"' 2963, 2921, 2851, 1667 and 1608; Analysis found 
% C, 48.20; H 4.84 (dsHigSjO requires C 48.09; H 5.07). 
4-fButvlthioV5-( phenvlmethvlthioethvhhioV 1 •3-dithiole-2-one 8d 
A clear oil (69 mg, 72 %);m/z (Et) 388; 6H (200 MHz, CDCI3) 7.37-7.24 (5H, m), 3.74 
(2H, s), 2.95 - 2.79 (4H, m), 2.70 - 2.61 (2H, m) 1.69 - 1.55 (2H, m)^  1.48 - 1.34 (2H, m) 
and 0.93 ( 3 H , t , y 7 ) ; 6G ( C D C U ) 189.71, 137.67, 130.20, 128.83, 128.65, 127.30, 124.30, 
36.33, 36.20, 36.15, 30.80, 21.60 and 13.51; Vmax (NaCl, film)/ cm-' 2957, 2926, 1667 and 
1612. Analysis found % C, 49.34, H 5.17 (C16H20S5O requires C 49.45; H 5.18). 
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4.5-BisrbutvlthioV 1 •3-dithiole-2-thione 10 
This was prepared according to the literature method and isolated as a burgundy oil 
(2.16 g, 50%); 6H (200 MHz, C D C I 3 ) 2.87 (2H, t, J 6) 1.75 - 1.58 (2H, m), 1.56 - 1.36 (2H, 
m), 0.94 (2H, J 7), this compared well with literature data^ .^ 
4.5-Bis(phenylmethylthioethylthio)-1.3-dithiole-2-thione 11 
To a solution of 4 (1.0 g, 3.28mmol) in chloroform (50 ml) was added a solution of 
caesium hydroxide (1.38 g, 8.21 mmol) in methanol (5 ml) and stirred for 1.5 h. The 
ligating chain iodide 3 (2.30 g, 8.26 mmol) was added and the mixture stirred at room 
temperature for 12 h. The solvent was removed in vacuo and the product purified by 
column chromatography (silica gel, eluent chloroform : hexane, 1 : 1 v/v) to give a 
burgundy liquid (0.70 g, 43%); m/z (CI^) 498; (M") Mass Spectrometry (high resolution) 
for C21H22S7 requires 497.9758, Analysis found 497.9767 5H (200 MHz, CDCI3) 7.34 - 7.19 
(5H, m), 3.74 (2H, s), 2.97 - 2.88 (2H, m) and 2.59 - 2.68 (2H, m); 5c (CDCI3) 210.43, 
137.53, 136.19, 128.74, 128.64, 127.28, 36.21, 36.16 and 30.72; Vmax (NaCl, film)/ cm"' 
3059, 3024, 1600 and 1064. 
4.5-Bis(2'-cvanoethvlthioV1.3-dithiole-2-one 12 
This was prepared according to the literature method and isolated as a white solid m.p. 81° 
C (lit., mp9 83° C). 
4,5-bis(2'-cyanoethylthio)-4', 5'-bisfpheny 1 methylthioethylthio)tetrathiafijlvalene 14 
The literature method was used to produce an orange solid m.p. 148-150° C (lit., mp>6 149-
152° C) 5H (200 MHz, C D C I 3 ) 3.09 (4H, t, J 8), 2.83 (4H, t, J 8), 2.72 (2H, t, J 8), 1.70-
1.52 (4H, m), 1.51-1.38 (4H, m) and 0.93 (6H, t, 77). this compared well with literature 
datai6. 
4.5-bisrbutylthio')- 4'. 5'-bis(butvhhio)tetrathiafulvalene 9 
To a solution of 14 (0.250 g, 0.40 mmol) in tefrahydrafiaran/methanol (1:1) v/v (100 
ml) was added sodium hydride (60% suspension in oil) (0.31 g, 1.36 mmol) at room 
temperature and stirred for 1 h. To this solution the iodide 3 (0.38 g, 1.36 mmol) was added 
in tetrahydrafuran (10 ml) and the mixture stirred for 12 h. The solvent was removed in 
vacuo and the product purified by column chromatography (silica gel, eluent chloroform : 
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hexane 1 : Iv/v) to give an orange oil (0.18 g, 67%); m/z (Ct) 744; (M") Mass 
Spectrometry (high resolution) for C32H40S10 requires 744.0340, Analysis found 744.0337 
6H (200 MHz, CDCI3) 7.35 - 7.24 (lOH, m), 3.70 (4H, s), 2.78 - 2.92 (8H, m), 2.50 - 2.63 
(4H, m) 1.66 - 1.50 (4H, m) and 1.50 - 1.25 (4H, m) and 0.88 (6H, t, J 8); 6c (CDCI3) 
137.90, 128.85, 128.59, 128.08, 127.83, 127.12, 112.21, 109.17, 36.05, 36.02, 35.75, 31.69, 
30.84, 21.59 and 13.56; Vmax (NaCl, film)/ cm ' 3059, 3025 and 1600. 
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2.3 Results 
2.3.1 DMIT Results 
The aim of this work is to synthesise silver ligating chains suitable for attachment to 
the DMIT building block, functionalisation of this molecule will be at the 4,5 sites (Figure. 
2.3). Ideally one of the sites will be functionalised with a silver ligating group and the other 
site with a hydrophobic alkyl chain, which will allow the hydrophobicity of this molecule 
to be varied, the series selected being methyl, ethyl, isopropyl and butyl. The isopropyl 
group was chosen as it is a relatively bulky group allowing subsequent complexation 
analysis to determine i f this group will affect the binding of silver. 
R S g Silver ligating chain S 3 
R S ^ ^ S Hydrophobic chain S ^ 
(i) (ii) 
Figure 2.3 DMIT unit showing (i) building block and (ii) proposed functionalisations. 
The design of a suitable silver ligating chain was based on an examination of the 
literature. From the earlier discussion (Section 1.6) this fragment should contain sulfur 
atoms^ "^  and allow a mode of binding where the Ag"^  can adopt a linear conformation. 
There is also some evidence to suggest that inclusion of an aromatic group also favours 
silver binding, ^ -^^ o The SCH2CH2S bracket (as discussed in section 1.4) was incorporated 
into the acyclic ligating chain, this fragment has found widespread use in thiacrown 
systems.21'22 The combination of these required fragments led to the proposal of the 
PhCH2SCH2SH2- fragment which may be reacted as an iodide. The most useful method of 
functionalising the DMIT unit at the 4,5 positions is via a nucleophilic displacement 
reaction of an alkyl iodide.^^ 
Iodide 3 was synthesised as outlined in scheme 2.6. Starting with the readily 
available precursor benzylmercaptan 1, 2- chloroethanol was used to extend the chain by a 
further two carbons, producing compound 2, which was converted to the iodide 3 using 
phosphorus triiodide. 
( i ) N a O E t / E t O H 
r.t. 1h. 
(11) 2- chloroethanol, 
Pl3, Et20 
P H ^ f i H Reflux 12h ^ p ^ ^ g ^ ^ O H r.t 4h ^ ^ ^ ^ ^ ^ 
71 % 2 3 
Scheme 2.6 Preparation of ligating chain as an iodide. 
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Compound 3 was a colourless oil which decomposed after a few days. This did not 
pose a problem as compound 2 was stable and could be synthesised on a multi-gram scale 
allowing compound 3 to be synthesised rapidly as required. Both compounds 2^ 4 and 3^ 1 
have been made previously via a different route. 
Zincate sah 4"* was reacted with 3-bromopropionitrile in refluxing acetonitrile to 
yield 4,5-bis(2-cyanoethylthio)-l,3-dithiole-2-thione 5 in good yield^^ as outlined in 
scheme 2.7. Deprotection of one of the cyanoethyl chains of 5 using 1 equivalent of CsOH 
in MeOH followed by reaction with one equivalent of the appropriate alkyl iodide 
produced the mono alkylated products 6a-d. The yields of these reactions were 40-53 %, 
except for 6c which was less than 5 % jfrom initial attempts,. This low yield was 
presumably due to a competing reaction of the isopropyl cation where it lost a proton and 
formed propene. The yield in this reaction was increased to 40 % by reaction with four 
equivalents of the isopropyl iodide. Of these intermediates 6a,b,d were solids whilst 6c was 
an oil. In the next step, the alkyl substituted intermediates 6a-d were reacted with one 
equivalent of caesium hydroxide to remove the second cyanoethyl protecting group and the 
derived thiolate anion was reacted with freshly-made ligating chain 3 to produce the thione 
compounds 7a-d. These products were all viscous wine /brown oils after purification by 
column chromatography. A series of corresponding ketones 8a-d was synthesised by 
reaction with mercuric acetate yielding colourless oils. 
22 
2-
N(Et4)| 
Bromopropionitrile, 
MeCN. reflux 1.5 hr 
61 % 
(i) CsOH / MeOH / CHCb 
r.t.1.5h 
5 6a R=Me 6c R=iPr 
6b R=Et 6d R=Bu 
(i) CsOH / MeOH / CHCb 
r.t.1.5h 
(ii) 3 
r.t.12h ^ 
40-95 % 
RS 
7a R=Me 7c R=iPr 
7b R=Et 7d R=Bu 
Hg(0Ac)2 
CHCI3/ACOH (3:1) 
r.t. 16 h 
55-75 % 
R S 
8a R=Me 8c R=iPr 
8bR=Et 8dR=Bu 
Scheme 2.7 Preparation of compounds 7a-d and 8a-d based on DMIT building block. 
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2.3.2 Compounds based on T T F building block. 
Recent work on the application of thiacrown TTFs in metal sensing systems 
prompted this work.25 We were interested in developing a TTF sensory system using an 
acyclic metal binding site. The same functionalisation as that used for the DMIT unit was 
envisaged, i.e. a hydrophobic domain and a ligating domain, resuhing in molecule 9 being 
proposed. This molecule offers great potential for silver binding owing to the availability of 
two flexible ligating chains which between them contain four sulfur atoms. 
9 
Hydrophobic domain Ligating domain 
Figure 2.4 Proposed TTF ionophore. 
Several synthetic approaches were attempted in pursuit of molecule 9. In the first 
approach as outlined in scheme 2.8, the bis butyl functionalised thione 10 was prepared 
directly from the zincate salt 4 by reaction with four equivalents of butyl iodide, whilst the 
ligating half unit 11 was prepared from 5 upon reaction with ligating chain 3. Compounds 
10 and 11 were directly coupled in refluxing trimethylphosphite, and the reaction was 
monitored by TLC. This reaction produced several products which were very difficult to 
separate. The various fractions obtained by column chromatography were analysed by mass 
spectrometry which revealed qualitatively that some of the desired product 9 had been 
produced along with self-coupled products. However, the mixture of products defied 
separation so a new approach was required. 
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2-
S = < T Zn Y > = S 
NC 
N(Et4) 
-12 
4 eq. Bui, acetone 
r.t.,12h ^ 
5 0 % 
MeOH / CHCb 
' V - S r.t.12h Ph-
Ph , 
10 
11 
P(0Me)3. reflux 
2h 
10 + 11 )( > . 
Scheme 2.8 Initial attempts at cross couplings reacting both half units as thiones. 
In an attempt to overcome the separation problems encountered in scheme 2.8 
another route was tried, whereby one of the half units remained protected by cyanoethyl 
chains, thus making it more polar allowing easier separation as shown in scheme 2.9. In 
this reaction the bis butyl thione 10 was coupled to the bis protected thione 5. This allowed 
easier separation than that for scheme 2.8, but the product formed could not be isolated in 
reasonable purity. 
10 
P(0Me)3, reflux 
2hr 
X 
Scheme 2.9 Attempt at cross coupling to produce a bis cyanoethyl protected TTF 
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Hg{OAc)2 
C H C b / A c O H (3:1) 
r.t. 16h 
6 9 % 
12 
P(OMe)3, reflux 
2 h 
11 + 12 X *• 
2 h N C ^ ^ V ^ W ^ Y ^ ^ ^ ^ ^ ^ ' ' 
13 
Scheme 2.10 Unsuccessful cross-coupling reactions using one thione and one ketone half 
unit. 
A cross coupling between a thione and ketone was attempted as this may lead to 
favouring of the cross coupled product as discussed in section 2.1.2. The ketone of the bis 
cyano protected dithiolato 12 was prepared in good yield from its corresponding thione 5 
by reaction with mercuric acetate,^ as shown in scheme 2.4. The bis ligating functionalised 
thione 11 was reacted with the bis protected ketone 12 as shown in scheme 2.10. Upon 
workup of the reaction no TTF products could be identified in the reaction mixture (these 
are normally identified owing to the ease with which these products stain on silica with 
iodine) indicating that no coupling had occurred. 
P(0Me)3, reflux 
56% ^ 
14 
14 
(i)NaH THF/MeOH(1:1) 
r.t. 1 h 
r.t. 10 h / - ^ ^ ^ S ^ S S ^ g 
— 9 
67% 
Scheme 2.11 Successful cross-coupling reactions using one thione and one ketone half unit. 
In scheme 2.11 compound 10 was coupled to the 12 and this reaction proceeded 
cleanly allowing isolation of 14 as a bright orange solid after column chromatography. The 
final step in this synthesis, which involved the deprotection to form the dithiolate of 14, 
followed by addition of 2 equivalents of 3 was carried out in tetrahydrofiiran / methanol 
(1:1) v/v and produced an orange oil 9 in 67 % yield. 
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2.4 Conclusions 
In this work two new sets of compounds have been synthesised. The DMIT 
compounds 8a-d were produced in four steps from the zincate starting material in 5 to 25% 
overall yield. These compounds are suitable for incorporation into ion-selective electrodes 
and provide a good range of hydrophobicity which allows versatility in electrode design, 
this work is described in chapter 4. A TTF compound 9 was also synthesised by a 
convergent synthesis in 40% overall yield. The redox properties of this compound are 
potentially very interesting as no knovra work has been published on the use of non 
macrocyclic TTFs in sensor systems. This compound is examined in chapter 3 for its redox 
properties, affinity for silver ion and uhimately its potential as a redox active silver sensor. 
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CHAPTER THREE 
Complexation Studies 
3.1 Introduction 
3.1.1 Metal Complexation by Redox Active Macromolecules 
Redox active macrocyclic ligands have found applications in the field of metal 
complexation, in systems where the complexation of a guest metal ion results in a change in 
the electronic properties of the host macrocycle^. To understand these systems, the 
principle of chemical transduction has to be introduced^. A schematic diagram of a sensor 
molecule is shown in Figure 3.1 
Transducer + Transducer 
Figure 3.1 Schematic representation of a sensor molecule showing reversible binding of a 
guest molecule. 
In principle a transducer can be any chemical moiety that undergoes an observable 
change in a physical property upon complexation of a guest molecule. The molecule has to 
possess (i) a binding site, (ii) a physical property that can be easily measured (UV 
absorption, redox activity, NMR chemical shift etc) and (iii) a good link (usually a 
conjugated system) between the binding site and the redox centre. This system allows the 
presence of a guest molecule to be detected in the sensor molecule, or conversely the 
binding of a guest molecule to be controlled by a physical property. 
One of the first application of macrocycle cation electrochemical recognition was 
by Sagi, who reported on changes in the electrochemistry of a ferrocene complex 15 upon 
addition of a metal ion.^ Two distinct vohammetric waves corresponding to complexed and 
uncomplexed were observed for Na"^  and Li"^ as guest species.. 
o o 
o o 
\ / 
15 
29 
Other authors report redox systems where a single wave shifts in position relative to the 
original redox couple upon metal complexation.'*'^ These systems were studied using digital 
simulation by Kaifer at al. who concluded that two wave behaviour is observed when the 
binding constant is very large (typically > 10'*) and that weaker binding results in the shift 
of a single wave.^ This is likely to be a kinetic effect as a single peak would be observed i f 
the timescale of the complexation reaction was very fast whilst two peaks would be 
observed for slower complexations. The magnitude of the maximum shift is a complex 
function of factors such as the polarisablity of the redox system and the distance to, and 
orientation of, the ligand centre.^ 
3.1.2 Metal complexation by Tetrathiafulvalene Derivatives 
It was only a matter of time before the cross fertilisation of the fields of 
tetrathiafulvalene (TTF) chemistry and supramolecular/macrocyclic chemistry produced 
TTF derivatives suitable for metal complexation. As a transducer, TTF is particularly 
appealing owing to its well established redox chemistry"^ which is outlined in scheme 3.1 
' ^ S S - ^ S R +1 e- RS ^ 2 SR R S ' '® 2 ' S R 
R S ^ S " .S - ' S R 
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Scheme 3.1 Schematic representation of the oxidation states of a TTF molecule. 
The first reported use of a TTF compound as an electrochemical transducer was by 
Hansen et al. ^ A macrocyclic TTF-crown compound 16 was synthesised and investigated 
by cyclic voltammetry (CV). They found an anodic (more positive) shift in the first 
oxidation wave of the TTF scan, but no change in the second oxidation wave ^^upon 
addition of 250 equivalents of Na"^  as shown in Figure 3.2. The bound cation destabilises 
the radical cationic TTF by coulombic repulsion making the TTF more difficuk to oxidise. 
The fact that the second oxidation peak does not move suggests that the metal ion is ejected 
before the potential at is reached. 
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The exact shift in potential upon complexation was difficult to determine, as the 
£""peak moved and merged almost into the f^peak but was estimated to be 80-90 mV. 
On the reductive sweep of the CV it can be seen that the reduction peak E"'^ is unchanged 
upon metal complexation whilst E^^ undergoes a similar shift to that observed ioxF^. 
This was mterpreted as evidence for fast complexation of the metal ion to the TTF cation. 
< 
c 
CD 
o 
PotentialA/ 
Figure 3.2 Cyclic voltammogram of 16 recorded versus a SCE electrode in MeCN at a scan 
rate of 100 mV s"' with BU4NCIO4 as electrolyte ( ) and with 250 
equivalents of NaPFs added ( ). ^ 
In this work the complexation of Na"" by 16 was also followed ' H NMR. It was 
shown that shifts were observed for the -SCH2CH2O- protons even at low molar ratios (7 
and 23 equivalents) of added Na^. This is interesting as the changes in the CV were 
observed at the much higher molar ratio of 250 equivalents. 
i M 1 
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A TTF compound that showed a response towards silver ion was synthesised by 
J0rgensen et al.^ This is a symmetrical TTF incorporating two S4 crown moieties 17. The 
CV of this compound shows that it has two reversible oxidations, and that it undergoes a 
pronounced change upon addition of excess AgC104, the shifts in potential of and E^ 
are 0.20 and 0.06 V respectively as shown in Figure 3.3. 
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Figure 3.3 Cyclic voltammogram of 17 versus a SCE electrode recorded in MeCN at a scan 
rate of 100 mV s"^  with BU4NCIO4 as electrolyte ( ) and with excess 
AgPFe added ( ). 
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It is significant that there little change in the reduction peaks, which suggests that 
expulsion of the silver ion occurred allowing reduction of the now uncomplexed TTF. As 
no recomplexation occurred on the anodic sweep, it was assumed that the rate of silver 
complexation was slow. 
Most recently Bryce et al. have synthesised a new range of unsymmetrical annealed 
TTF-S2O4 crowns and studied their metal binding by UVA^isible spectroscopic studies and 
solution electrochemical studies. 1° This paper provided the first reported spectroscopic 
studies of metal binding to crown-TTF systems, which allowed the authors to study the 
changes in the electronic spectra of several of the compounds upon complexation with Na"^ , 
Ba and Ag . These studies showed that the mono crown-TTFs formed 1:1 complexes with 
Na"^  whilst the bis crown-TTF formed both 1:1 and 1:2 complexes with Na"^ . 
Electrochemical studies were also carried out with these compounds, and their result for bis 
crown-TTF 16 was very close to that reported by Hansen et al. ^, the first oxidation peak 
moved by 70 mV (c.f 80 mV^) upon addition of 250 equivalents of Na"^ . Similar 
experiments using the new monocrown-TTFs 18 and 19, gave potential shift values for Na"^  
binding of 25-35 mV, which, interestingly, is half that of the bis-crown. 
I I 
1 8 R = H 
19 R= CO2H 
These studies were extended to silver and barium complexation where the greatest 
shift in oxidation potential was observed for silver of 70-75 mV, conforming with the 
spectroscopic data. These results are consistent with Ag"^  primarily binding at sulphur sites 
inducing a large perturbation in the electronic structure of the TTF moiety. The 
electrochemical data allowed an estimation of a stability constant for a mono crown-TTF 
with silver to be log K = 2.26 which was similar to the value obtained from the 
spectroscopic data. 
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3.2 Experimental 
3.2.1 General Methods 
3.2.1.1 Cyclic Voltammetry 
Cyclic stationary electrode voltammetry to give it its full title, is the most versatile 
electroanalytical technique available for the mechanistic study of redox systems.'! It allows 
the determination of thermodynamic properties such as redox potentials in addition to 
kinetic parameters such as rate of electron transfer in both homogeneous and heterogeneous 
systems. 12 It has found extensive use in the fields of organic, inorganic, electrochemical 
and analytical chemistry. 
The technique involves cycling of the applied potential of an electrode and 
measuring the resultant current. A typical electrochemical cell consists of three electrodes, 
namely a working(W), counter(C) and reference electrode(R) as shown in Figure 3.4. The 
counter electrode serves to prevent current from flowing through the reference electrode. 
W R 
V I 
Figure 3.4 Schematic diagram of the three electrodes system used in cyclic voltammetry 
where W, C, and R represent the working, counter and reference electrodes, and 
V and I represent the applied potential and resultant current respectively. 
The applied potential input has a triangular form, which sweeps the potential of the 
electrode between two switching potential limits at a linear scan rate, which can typically 
vary from 0.001 to 200 mV sec'\ Although the potential scan is frequently terminated at 
the end of the first cycle it can be continued for any number of cycles, hence the name 
cyclic vohammetry. 
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Figure 3.5 Tj^ical cyclic voltammogram of a ferrocene solution. 
The output of CV, termed a voltammogram, is a plot of the current flowing in the 
electrochemical cell versus the potential, and a t5q)ical example for a ferrocene solution is 
shown in Figure 3 .5. This plot shows the unsymmetrical but equal heights of the anodic and 
cathodic peaks. This asymmetry of the plot is due to diffusional mass transport of the 
oxidisable and reducible species in solution. I f the heterogeneous electron transfer is rapid, 
and both the oxidised and reduced species are stable, then the redox process is said to be 
reversible. Under these conditions, the difference between the two peak potentials Epc and 
Epa is 57/n mV (where n is the number of electrons transferred per molecule) for a 
reversible redox process. For non-reversible systems this difference is larger, which may be 
as a result of slow electron transfer. This can investigated by varying the scan rate. Some 
systems appear reversible at one scan rate but irreversible at another. When ideal reversible 
behaviour is observed, the diffusion current should vary as a function of the square-root of 
the scan rate [according to the Randles-Sevick equation (3.1)] for the forward sweep of the 
first cycle. 13 
z :p=(2.69xl05)«3 /2^^i /2Cvi/2 (3.1) 
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where ip is peak current (Amperes), n is the number of electrons transferred in the 
electrochemical process, A is the electrode area (cm^), D is diffusion coefficient (cm^s''), 
C is concentration (mol dm" )^ and v is the scan rate (V s'*). 
3.2.1.2 Osteryoung Square Wave Voltammetryi^ 
Osteryoung Square Wave Voltammetry (SQV) is another voltammetric technique. It 
has several advantages over CV. The current response peak is symmetrical and there is 
effective discrimination against background charging currents. The applied potential wave 
form is very different to that of CV and consists of a square wave superimposed on a 
staircase wave form as shown in Figure 3.6. 
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Figure 3.6 Potential waveform for SQW 
The current is sampled at the end of each pulse for the forward and reverse 
directions. The default output is normally given as the difference between the forward and 
reverse currents. However, these may be examined individually. In reversible redox 
systems, the reverse current is of the same order as the forward current. Therefore, the 
difference between them is significant, which is why this method is so sensitive. The other 
advantage of SQV is speed, allowing scan rates of up to 8 V s"'. It should be noted that this 
technique can not be described by a scan rate. However^ an effective scan rate is given by 
the product of the sample width frequency and the potential. The scan rate is significantly 
faster than other vohammetric techniques, and the sensitivity also increases with increasing 
scan rate, even for ureversible processes. 
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3.2.2 Experimental Procedures 
3.2.2.1 Voltammetric Analysis 
Cyclic voltammetry was carried out using a Bioanalytical Systems CV-50W 
instrument. The reference was a non aqueous (acetonitrile) silver /silver ion electrode; 
counter was a platinum wire and the working electrode was a glass carbon electrode. The 
solvent used for all analysis was acetonitrile (Aldrich; HPLC grade) and the supporting 
electrolyte used was 0.1 mol dm"' tetrabutylammonium perchlorate (Fluka; puriss grade). 
The silver salt used for complexation studies was silver nitrate (Aldrich; puriss grade). All 
silver solutions were stored in the dark. Titrations were carried out using 10 ml of a 5 xlO"^ 
mol dm'' ligand solution in a cell to which the silver solution (0.04 mol dm"^) was titrated 
using a micropipette (50 - 100 ^lL). This volume of metal solution allowed a range of metal/ 
ligand ratio from 1 : 1 to 10 : 1 to be covered. Square wave voltammetry was also 
performed using a Bioanalytical Systems CV-50W at potential step 4 mV, Pulse amplitude 
25 mV and frequency of 15 Hz. 
3.2.2.2 Spectroscopic Studies 
Complexation studies were carried out using silver nitrate (Aldrich; puriss grade) 
with acetonitrile (Aldrich; HPLC grade) as solvent. Spectra were recorded on a 
BioPharmacia single beam instrument with an eight sample changer and quartz cells with a 
path length of 10 mm. The titration experiments were performed using 2 ml of 5 x 10"' mol 
dm"' ligand and 10"^  and 10'^  mol dm"' AgNOs solutions. The data were nonlinearly fitted 
using the Origin v 4.0 program. 
3.2.2.3 NMR Titrations 
Spectra were recorded on a Varian Gemini 200 instrument. Samples were prepared 
using CDCI3/CD3OD, 2:1 by volume. The volume of ligand solution was 0.7 ml (0.01 mol 
dm"') to which additions of AgCFsSOs (0.1 mol dm"') were added using a micropipette. All 
measurements were carried out at room temperature. 
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33 Results 
Complexation studies were carried out to determine the affinity of the newly synthesised 
molecules (reported in chapter 2) for silver ion. Initial investigations were carried out using 
voltammetric methods such as cyclic voltammetry (CV) and square wave voltammetry 
(SWV) and these are reported in section 3.3.1. Spectroscopic studies are described in 
section 3.3.2 to quantify the strength of silver binding and NMR titrations are discussed in 
section 3.3.3 to investigate the mode of binding by conformational analysis. 
3.3.1 Electrochemical Analysis 
Initial investigations involved running a CV of 8d to examine its redox properties. 
Reversible redox behaviour was not expected, as the only reports of redox activity with 
DMIT type molecules is where they are prepared as transition metal dithiolene complexes 
where the metal ion provides the redox centre.'"* The CV of 8d shows a clear oxidation 
peak at 0.98 V versus Ag"^  /Ag° but no discernible reduction peak as shown in Figure 3.7. 
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Figure 3.7 Cyclic voltammogram of 8d (5x10"^ mol dm'^ in MeCN) versus Ag" /Ag 
recorded at a scan rate of 100 mV s'' 
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The separation between the oxidation wave and the reduction wave can sometimes 
be a function of the scan rate which can result in a redox system being reversible at one 
scan rate but irreversible at higher scan rates as described in Section 3.2. The scan rate was 
varied from 50 to 300 mV sec"' to determine what effect, i f any, this would have on the 
vohammogram. No emergence of a reduction peak was observed but a slight shift in the 
position of the oxidation peak was observed from 1.08 V at 300 mV sec'' to 0.95 at 75 mV 
sec"'. 
Unlike the DMIT molecule 8d tested above, the TTF molecule 9 showed typical 
reversible redox behaviour at with two 1 electron waves at 0.29 and 0.50 V versus 
AgVAg". ^ For ideal redox behaviour the diffusion current varies as a function of the 
square-root of the scan rate according to the Randles-Sevick equation (3.1) as described in 
Section 3.2. For compound 9, a plot of the square root of the scan rate (varied in the range 
25 to 500 mV s"') versus the diffusion current is shown in Figure 3.8. This plot is linear in 
the range of scan rates tested, which demonstrates that 9 displays ideal redox behaviour. 
This result is also significant as it demonstrates that CV analysis of 9 can be performed 
over a wide range of scan rates. A scan rate of 200 mV s"' was chosen for subsequent 
analysis as this rate allowed quick analysis. 
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Figure 3.8 Plot of the diffusion current of the first oxidation potential of 9 versus the 
square-root of the scan rate. 
Addition of excess (3 equivalents) AgNOs to a solution of 9 in acetonitrile produced 
an anodic shift of 40 mV in the first oxidation wave only with no shift in the second 
oxidation wave as shown in Figure 3.9. This anodic shift is as a result of the coulombic 
effect of the complexed silver ion which makes oxidation of the TTF to the TTF radical 
cation more difficult. Analogous behaviour has been previously observed by Hansen et al 
with a TTF-crown compound 16. upon complexation with NaC104 (see section 3.1.2).2 
However, it is significant that the complexation of 9 with silver ion is significantly more 
sensitive requiring less than two equivalents of silver to produce a 40 mV shift compared to 
the large excess (250 equivalents) of NaC104 required to produce a 70 mV shift in 
Hansen's work. 
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Figure 3.9 Cyclic voltammogram of 9 ( ) in acetonitrile (5 x l 0"^  mol dm" )^ showing the 
shift in the first oxidation wave upon addition of AgNOs ( ). 
This contrasts with the behaviour of 17 also published by Hansen et al where the 
complexation of silver resulted in a shift in both oxidation waves (section 3.1) which 
indicated that the cation was ejected after the second oxidation.^ However, on the reduction 
cycle, the potential of the peaks was no different to that of the uncomplexed 17 which was 
synonymous with a slow rate of complexation. The complexation of silver ion by 9 also 
resuhs in a shift in the reduction peak which suggests that the complexation of silver is fast. 
The shift in the first oxidation wave of 9 after addition of AgNOs was fiirther 
investigated by square wave voltammetry (SWV) which is a more sensitive technique than 
CV (section 3.2). The sharper peaks of SQV allow easier monitoring of shifts in potential 
as shown in Figure 3.10 where the voltammograms of 9 with 0, 1 and 3 equivalents of 
added AgNOs are shown. 
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Figure 3.10 Square wave voltammograms of 9 ( — ) in acetonitrile (5 x 10"* mol dm"') with 
the addition of 1 ( )and 3 (—)equivalents of AgNOs. 
Titration of 9 with AgNOs ( 0 - 3 equivalents) and the monitoring of the observed 
shift in the first peak of the vohammogram is shown in Figure 3.11. This curve shows that 
9 forms a 1:1 complex with silver ion and displays a maximum shift of 40 mV after less 
than 1.5 equivalents of silver ion have been added. This is remarkably more sensitive than 
16 reported above for which 250 equivalents of metal ion were required to observe similar 
shifts in the first oxidation potential 
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Figure 3.11 Plot of the shift in potential of the first peak in the square wave voltammogram 
of 9 with added equivalents of AgNOs. 
In order to dismiss the possibility that the silver was binding to the TTF framework 
as opposed to the proposed binding site, the above titration experiment was repeated under 
exactly the same conditions with a sample of tetrathiomethyl TTF.'^ 
MeS ^ ^ SMe 
20 
Titration of 20 with three equivalents of silver ion produced no change in the CV 
scan, demonstrating that this molecule does not bind silver. This is a very significant result 
as it demonstrates that the TTF building block wil l not interfere with the binding of silver 
ion in particular the exocyclic sulfur atoms. This suggests that the silver ion is binding 
between the two ligating chains, two binding conformations are possible as shown in 
Figure 3.12. 
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Figure 3.12 Two proposed binding conformations of 9 with silver ion based on evidence 
from binding tests on tetrathiomethyl TTF (20). 
The binding of silver to this compound needs fiirther work to elucidate its 
conformation. This could be achieved by synthesis and subsequent electrochemical analysis 
of a structurally similar molecule such as 21 which has one ligating chain. I f 21 could be 
shown to bind silver ion, then this would make conformation (i) in Figure 3.12 more likely 
as the mode of silver binding. 
21 
44 
3.3.2 Spectroscopic Studies 
In recent work on spectroscopic complexation studies on TTF-crowns by Bryce et 
al, a stability constant of log K = 2.26 was found for the formation of a 1:1 complex 16 
and Na^ was reported as shown in section 3.1.2.^0 This technique was applied to compound 
9 to investigate i f the binding of silver could be followed by UV spectroscopy. To be 
suitable for UV titration studies, a compound must be a good chromophore and possess a 
metal binding site which is conjugated with the chromophore. The results from the 
voltammetric titrations in Section 3.1 showed that 9 does bind silver ion and a similar 
titration experiment was analysed by UV to investigate i f the silver binding could be 
observed. A spectrophotometric titration for 9 is shown in Figure 3.13. These spectra are 
corrected for dilution, by multiplying the absorbance values by the quotient of the original 
volume and the new volume (after addition of silver ion). 
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Figure 3.13 Absorption spectrum of 9 (5 x 10"^  mol dm") showing absorbances at 
concentrations of 0, 5, 10 and 40 equivalents of AgNOs. 
Three clear isosbestic points are observed at the following wavelengths 412, 348 and 270 
nm. The changes in absorbance were related to the metal complexation as follows. The 
strength of complex formation is given by K in equation 3 .2 
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+ c> ML 
K = - ^ 3.2 
[M*l[i] 
The dependence of the absorbance A, of a ligand at a fixed wavelength on metal 
concentration [M^] is given by equation 3.2 
Uo - A) 
[A-A,} 
Where Ao and A represent the absorbances at zero and infinite sah concentrations 
respectively. This equation can then be non-linearly fitted to experimentally determined 
absorbance versus silver ion concentration to give a value for the stability constant K. The 
equation 3.3 has to be first rearranged to the format of a non linear equation. 
[ M ^ l = 1 ^ 3.4 
This equation can now be written in the form 
y = P. 3.5 
Where y is the concentration of metal ion, x is the absorbance value. Pi is the inverse of the 
stability constant and P2 is A . Therefore, a plot of concentration versus absorbance can be 
fitted by a non-linear function by optimisation of the parameters Pi and P2. An example of 
such a fit is shown in Figure 3.14 for a set of absorbance versus concentration readings at 
290 nm. The non-linear curve drawn through the data points in Figure 3.14 is a very good 
fit to the experimental data. These data fit well to the non-linear function for 1:1 binding 
which is evidence that a 1:1 complex is formed. The value of the stability constant 
calculated form Pi is log K = 3.22 ± 0.01 at 290 nm. Four other wavelengths were chosen 
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in regions where there was a large change in absorption and values for log K calculated, 
these are shown in Table 3.1 
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Figure 3.14 A non-linear fit for the complexation of silver ion by 9 using absorbances at 
290 nm 
Wavelengths 
nm 
436 380 320 290 245 
logK 3.07±0.02 3.04±0.04 3.40+0.06 2.69±0.09 2.75+0.09 
Table 3.1 Calculated values of log K at different wavelengths. Values represent averages 
of three determinations 
The average value for log K is 2.99 which represents medium strength binding. This is an 
ideal value for an ionophore for sensor applications, as binding constants that are too high 
lead to irreversible binding. 
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3.3.3 NMR Titrations of 6d 
To investigate the mode of binding of 6d and silver ion in solution a titration was 
followed by ' H NMR. Owing to the number of sulflir atoms in the heterocyclic ring, it was 
important to know i f silver would bind to the heterocyclic backbone of 8d. Compound 22^^ 
was chosen as it represents a structural analogue of 6d which does not contain a ligating 
chain. The chemical shifts of the protons on the four butyl carbons were monitored as the 
molar ratio of silver was increased up to seven equivalents. The resulting changes in 
chemical shift and the numbering of the protons are shown in Figure 3.15. 
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Figure 3.15 ' H NMR titration of 22 ( 0 .01 mol dm"' in CDCI3/CD3OD, 2:1) with AgCFsSQ, 
(0 .1 moldm"^). 
It can be seen that a small shift of less than 0.1 ppm in the chemical shift of proton 1 
is observed after the addition of 7 equivalents of silver ion. This small shift represents a 
very small perturbation of the chemical shift of proton 1 which is indicative of weak 
binding. It is also significant that there is no readily apparent stoichiometry for this binding 
as the shift increases linearly with the added silver, this is also indicative of weak binding.'^ 
Therefore, it can be assumed that no significant binding occurs at the building block of the 
molecule used to synthesise 8d. 
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8d 
The splitting patterns of peaks 2,3 and 4 of 8d are very complicated as one would 
intuitively expect to observe 3 triplets. The splitting of these protons is quite complex and it 
changes quite dramatically as silver is added to solution as can be seen in Figure 3.16. In a 
titration up to six equivalents of silver three types of splitting pattern are observed. The 
splitting pattern in (a) at 0 equivalents of silver shows one central triplet and two very 
complicated signals which are symmetrical. This suggests that the central triplet can be 
assigned to the protons on carbon 4 and the other two signals represent those on carbons 2 
and 3. This splitting pattern indicates that the protons on carbons 2 and 3 are inequivalent. 
As silver is added to 8d all three signals move upfield and the signals are better 
resolved. At two equivalents of silver ion in (b), three triplets can be identified which 
indicates the protons on carbons 2 and 3 are now equivalent. Therefore, the binding of two 
equivalents of silver ion confers a symmetrical conformation on the ligating chain. All three 
signals continue to move upfield with fiirther addition of silver ion up to four equivalents as 
shown in plot (c), the splitting patterns on the protons on carbons 2 and 3 change slightly. 
However, the splitting patterns of the protons on carbons 2 and 3 changes dramatically after 
4 equivalents as the signals are completely inequivalent as shown in plot (d) for 6 
equivalents. This suggests that the binding of silver has locked these protons into a 
conformation where the two protons are in very different environments such as axial and 
equatorial positions relative to a silver ion. 
This suggests that there are large conformational changes in this site. This appears 
to be a complex pattern of shifts making it difficult to fiilly interpret the results. The 
purpose of this experiment was to show that the addition of the ligating chain in the 
synthesis of 8d improved the binding of silver; this has been shown, but a lot more work is 
required to fiilly understand the system. 
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Figure 3.16 ^H NIVIR splitting patterns of protons on carbons 2, 3 and 4 of 6d in the 
presence of AgNOs; (a) 0 equivalents (b) 2 equivalents (c) 4 equivalents and 
(d) 6 equivalents. 
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3.4 Conclusions 
In this chapter the silver binding ability of compounds 8a-d and 9 were 
investigated. The TTF compound 9 displayed reversible redox behaviour and proved ideal 
as a transducer for voltammetric analysis. UV spectrophotometry was then used to 
determine a binding constant for 9 with Ag* of log K = 2.99 in acetonitrile for a binding 
stoichiometry of 1:1. The binding of Ag* by 8d was investigated by NMR spectroscopy and 
it was shown that perturbation of proton signals was observed upon addition of silver at the 
intended binding site. However, the splitting patterns of the protons investigated was very 
complicated which made a more rigorous interpretation of the results diflficult. This system 
needs to be fijrther investigated using other techniques such ^'C NMR or 2 dimensional 
NMR. 
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CHAPTER FOUR 
Potentiometry Using 
Ion Selective Electrodes 
4.1 Introduction 
4.1.1 General Principles of Ion-Selective Electrodes 
4.1.1.1 The Electrochemical Cell 
Ion-selective electrodes (ISE) are devices that permit the activity of a given ion in 
an aqueous solution to be determined potentiometrically despite the interference of other 
ions. The ion selective electrode forms part of an electrochemical cell as shown in Figure 
4.1. 
Philips Body 
Ion-Selective 
Electrode 
Digital Voltmeter 
Buffer Amplifier 
Double Junction 
Reference Electrode 
Membrane 
Figure 4.1 Scheme of an electrochemical cell incorporating an ISE. 
A typical electrochemical cell assembly consists of an 
1. ion selective electrode with a membrane, an internal filling solution and internal 
reference electrode as one galvanic half cell 
2. an external reference electrode with reference electrolyte 
A cell potential is established across the membrane when the ion selective electrode 
and the reference electrode are both in contact with the sample solution. It is important to 
note that this is a measurement at zero current, i.e. under equilibrium conditions. In practice 
a buffer amplifier is required between the circuit and the digital voltmeter owing to the very 
high impedance of the ion selective electrode. The measured potential Eceu, is the sum of 
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different potentials generated at all solid/solid, solid/liquid and liquid/liquid interfaces as 
shown in equation 4.1 
Eceii = E l + E M + E u + EER ( 4 . 1 ) 
Where 
Ei is the contribution from the internal reference solution 
E M is the membrane potential difference 
E u is the liquid junction potential which develops because of the difference in 
composition between the sample and bridge solution 
EER is the potential of the external reference electrode 
I f the sample solution is the only solution to be changed between measurements 
then the potentials EIR and EER are constant. The junction potential E u will vary between 
sample solutions, but this variance can be minimised by use of a concentrated solution of an 
equitransferance salt such as potassium chloride. This allows the constant terms to be 
summed as E " which effectively reduces equation 4.1 to equation 4.2, where the cell 
potential depends only on the membrane potential which, in turn, depends on the sample 
ion activity. 
icell EO + E M (4-2) 
4.1,1.2 Activity, Concentration and Activity Coefficient. 
A unique feature of ISEs is that the obtained signal depends on the sample ion 
activity. The assumption that a thermodynamic equilibrium exists at the membrane sample 
interface, results in the membrane potential being directly dependent on the sample ion 
activity. This appears to contradict the thermodynamic assumption that single ion activities 
can not be determined. However, the potential of the reference half cell is assumed to be 
sample independent which is not the case owing to the liquid junction potential of the 
reference electrodes which is sample dependent. 
As ion selective electrodes respond to sample ion activity rather than concentration, 
it is important to look at the activity co-efficient which relates to these two parameters. The 
term activity is used to determine the active or effective concentration of the ion in 
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solution^ The relationship between the activity and the concentration of an ion is given in 
equation 4.3 
a, = c, (4 .3 ) 
where ai, yi and c\ are the activity, concentration and activity co-efficient of species i 
respectively. The activity of an ion is equal to its concentration at infinite dilution of the 
ion, as there are no ion-ion interactions. However, at high concentrations of ion i , it 
experiences interactions with other ions and solvent, so its effective concentration seems 
diminished. The term activity coefficient yi was introduced to relate the concentration of ion 
Ci to its effective concentration or activity ai. However, as the activity co-efficient of 
individual ions cannot be defined uniquely or measured, only the mean activity co-efficient 
for a cation/anion pair is measurable and it is defined for a single charged ions by equation 
4.4. 
rl=r,y^ (4 .4 ) 
Although ionic activity coefficients cannot be measured individually, they can be 
calculated by theoretical means using the Debye Huckel equation. At a given temperature 
the activity coefficient of ions in aqueous solutions of low concentrations vary chiefly with 
the distances between the ions and with the number of charges borne by the ions; these 
factors are combined in the term ionic strength defined in equation 4.5. 
/ = V2Z^.-.^ (4 .5) 
In this equation Ci and Zi are the concentrations and valency of the ions in solution 
and the summation is made for all the ionic species present. Ionic strength is then used to 
calculate the activity of the ion using the Debye Huckel equation^, equation 4.6. 
_l0g ;..= ^ ^_LilflLi!l (4 .6) 
In this equation Zi is the valence of ion i , a is the ion size parameter or mean 
distance of closest approach and A and P are constants. This equation is valid for ionic 
55 
strengths or concentrations up to 10"' mol dm'^, the values of A and P vary with 
temperature and dielectric constant of the solvent. For an aqueous solvent at 40 °C these 
values are A = 0.5262, (3 = 0.3323 and a the ion size parameter is estimated at 2.5 for Ag"^  
which is of the same order of magnitude as the ionic diameter'. 
4.1.1.3 The Nernst Equation 
I f the membrane is behaving ideally so that it responds to only the primary ion the 
potential difference across the membrane E M is described by the Nernst equation, 
£ , = £ ° ± ^ I n a , . (4.7) 
Where E M is the membrane potential, E° the reference potential, R is the gas 
constant, T is the temperature in Kelvin, Zi is the charge on the ion i , F is the Faraday 
constant and ai is the activity of ion i in the sample solution. The sign of the equation is 
positive when i is a cation, and negative when i is an anion. However, in practice this ideal 
behaviour is not observed as the membrane is normally sensitive to other interfering ions as 
well as the ion of interest. The membrane potential will now have the contributions for the 
primary ion i , as well as interfering ions j , which is a cation of the same charge. This 
interference was first observed with pH electrodes where small hard cations such as sodium 
interfered. The Nickolskii-Eisenmann equation^, equation 4.8 has been developed to 
calculate the interference from the interfering ion j . It is important to note that this equation 
can only strictly be used in cases where the electrode responds in a Nemstian fashion to the 
interfering ion j . 
E^=E°±^ \r\,+K^a';l'^] (4.8) 
where aj and Zj are the activity and the charge respectively of the interferent ion j and Ky is 
the selectivity coefficient. 
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4.1.1.4 Classification of Ion Selective Membrane Electrodes. 
Ion selective membrane electrodes may be classified according to the composition 
of the membrane, as this is responsible for the selectivity behaviour of the electrode'*. 
• Glass membrane electrodes, e.g. pH 
• Solid-state membrane electrodes based on crystalline materials, e.g. sulfide, 
fluoride 
• Liquid membrane electrodes, composed of an ion exchanger dissolved in a 
suitable lipophilic solvent, e.g. Ca^ *, NO3' 
• Neutral carrier membrane electrodes composed of an organic solution of an ion-
specific complexing agent, e.g. K"^ , Mg^" ,^ Ca^ * 
• Other electrodes such as gas and enzyme sensitive electrodes 
4.1.1.5 The pH Electrode 
The pH electrode is an example of a solid electrode and is significant as it was the 
first ion selective electrode to be studied^. The glass electrode operates on an ion exchange 
process; a cross section of a membrane of a functioning glass electrode comprises several 
discrete regions^. The dry glass layer constituting the bulk of the membrane's thickness is 
sandwiched between two thinner hydrated layers which are essential for the proper 
functioning of the glass. The potential given by the glass electrode depends only on the 
phase boundary potential at the external analytical solution interface which, in turn, is 
related to the ionic activity by the Nemst equation. It is important to note that the glass 
membrane itself is impermeable to hydrogen ions; it is in fact sodium ions which behave as 
the charge carriers on the glass. No single sodium ion moves through the entire thickness of 
the glass layer; it is the charge that is transported by an interstitial mechanism, where each 
charge carrier merely needs to move a few atom diameters before transferring its energy to 
another carrier. 
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4.1.2 Calibration and Selectivity of ISEs 
4.1.2.1 Selectivity 
According to the 1976 International Union of Pure and Applied Chemistry'' 
(lUPAC), two different methodologies were recommended for the determination of the 
Nickolskii coefficient in equation 4.8, namely, the separate solution method (SSM) and the 
fixed interference method (FIM). In the SSM method the potentials of the electrode are 
measured in separate solutions of primary and interfering ion, the Nickolskii coefficient is 
then determined from the two observed potentials. In the FIM method, a calibration curve is 
determined for the primary ion in a constant background of the interfering ion. The linear 
portion of the curve (corresponding to the primary ion response) is extrapolated until it 
intersects with the lower limit of the electrode response which corresponds to the 
interfering ion response, the Nickolskii coefficient is calculated from these two segments. 
However, these methods rely on the assumption that the interfering ion completely replaces 
the primary ion at the boundary layer of the membrane, and that the electrode responds to 
the interfering ion with a Nemstian slope. In practice a Nemstian response is often only 
observed for the primary ion with the interfering ions displaying non-Nemstian behaviour. 
The problem with the requirement for Nemstian behaviour for the interfering ions 
was very well expressed in a more recent lUPAC recommendation by Umezana.^ "When a 
new electrode is constructed, log a vs. E relations are measured first. One is pleased in the 
case i f only a primary ion shows a Nemstian behaviour and the others do not. However as 
far as the validity of the N-E equation is concerned, this involves a fatal paradox, because 
the N-E equation assumes a Nemstian behaviour for the interfering ion as well." 
In this work, the responses of many typical ISE (including fluoride, bromide, 
nitrate, calcium and potassium) were tested for Nemstian response toward the interfering 
ions. Of these electrodes it was only the valinomycin based ISE which displayed 
Nemstian behaviour, for both primary and some interfering ions. As very few electrodes 
display Nernstian behaviour to all ions, most reports have violated the Nickolskii-
Eisenmann equation which explains the variance in reported K' '° ' values. 
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A new procedure has recently been developed to determine unbiased selectivity 
coefficients of neutral carrier based cation selective electrode^. This method involves use of 
membranes that have never been in contact with the primary ion. The preparation of these 
electrodes involves the use of a tetraphenylborate derivative salt of a discriminated ion and 
conditioning in a chloride solution of this cation. This method allows true selectivity 
coefficient determination, but is restricted by the strict sequence of exposure to different 
electrolyte and salt solutions. Once the electrode has been exposed to the primary ion, it no 
longer responds in a Nemstian fashion to interfering ions. These are severe restrictions 
which makes this technique impractical outside of research laboratories. 
Problems are also encountered with the Nickolskii-Eisenmann equation in situations 
where the primary and interfering ion are of different charge. This problem manifests in the 
power term ai^ -^* of equation 4.8, where different values are obtained depending on the 
assignment of primary and interfering ions. Numerical calculations illustrated that 
selectivity coefficients calculated were either unrealistically large or small depending on 
the choice of primary ion.^ In these situations the Nickolskii-Eisenmann equation is 
deemed unsuitable. These inadequacies arise because the equation was established 
originally for the glass electrode to deal with interference from the alkali metal ions. 
lUPAC^ recommends use of the matched potential method first presented by 
Gadzekpo and Christian. 1° This method is unique in being completely independent of the 
Nickolskii-Eisenmann equation. The selectivity coefficients are determined by the ratios of 
primary and interfering ion activities which give the same potential change in a reference 
solution. The selectivity coefficient is determined by measuring the change in potential 
when the primary ion activity is varied, followed by addition of the interfering ion to an 
identical reference solution to effect the same change in potential. This method gives 
realistic Ky values as the change in potential must be produced in a constant initial 
background of the primary ion. This method has several advantages owing to its empirical 
nature which makes it independent of the charges of the primary and interfering ions and to 
whether or not the ions show Nemstian behaviour. It has been shown that the selectivity 
values obtained with this method, in cases where the primary and interfering ions have the 
same charge, are in very good agreement with those results obtained based on methods 
using the Nickolskii-Eisenmann equation. 
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Some authors'' are critical of the empirical nature of this technique as it does not 
rely on any theoretical assumptions, giving it no predicting power for varying analytical 
situations making it difficult to cortelate it to the Kij values with physical phenomena such 
as ion exchange. However, the matched potential method is recommended by lUPAC for 
ions of unequal charge and for electrodes that do not display Nemstian behaviour for all 
ions which includes most electrodes (vide infra). 
4.1.2.2 Detection Limit 
The classic lower detection limit of an electrode as defined by lUPAC as the 
activity of the primary ion i at the point of intersection of the extrapolated linear midrange 
and final low concentration level segments of the calibration plot as shown in figure 4.2. 
EMF 
Limit of detection 
logai 
Figure 4.2 Calibration plot of an ISE 
The reasons for loss in Nernstian response could be due to a perturbation of the 
interfacial sample activity or interference by competing sample ions. In a recent publication 
by Pretsch et al, large improvements in the lower detection limit were reported.'^ This 
group propose a model where the limit of detection occurs at the concentration where the 
primary ion leaches out of the membrane from the inner fill solution, making the electrode 
insensitive to sample activity beyond this concentration. Detection limits in the order of 
10''^ mol dm'^ were reported for a Pb^ "^  selective electrode by buffering the inner fill 
solution to a Pb^"*^  concentration of 10''^ mol dm'^. This prevented the primary ions from 
leaching out of the membrane. 
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This transport model was reported shortly afterwards by Mathison and Bakker who 
investigated the mechanism by varying the inner fill solution'"*. The model requires an 
anion to co-extract with primary ion and the authors postulated that the anion from the 
inner fill solution would co-extract. Their results did show a dependence of the detection 
limit on the concentration and nature of the inner fill solution but the concentration range 
tested showed how the limit could be worsened as opposed to being improved by using 
very high concentrations of inner fill solution. They admit that 'other effects remain to be 
studied' before experiments can be designed to lower detection limits to trace levels. In 
work by Bakker a silver ion selective electrode was reported to be responding to anions by 
the same mechanism.In this case the source of the anions required to maintain 
electroneutrality for the leaching silver ions, was 'most likely' to be negative impurities 
from within the membrane. 
The model of the detection limit being govemed by the release of primary ions from 
the membrane (a process which is controlled by the inner reference solution) is appealing 
owing to its intuitive nature, but it unfortunately raises two serious questions. 
(i) I f the primary ion is leaching, then a satisfactory source of anions has to be proven. 
(ii) The entire process requires transport of primary ion through the membrane, yet 
most authors, including those who present this present theory, believe that the role 
of the bulk membrane is negligible and that surface processes govern electrode 
response (section 4.1.3). 
The authors declare in a recent review that the release of small amounts of ions "has 
indeed been observed" and they cite two papers in support of this claim.'' The first paper 
by Buhlmann reports work on transport studies where was leached into the solution, 
however this leaching was proven to originate from the membrane and NOT from the inner 
fill solution.'6 Their results showed that was leached from the membrane regardless of 
whether the inner fill solution contained Na* or K*, and that the relatively short exposure 
times made transmembrane transport improbable. Furthermore these membranes were in 
contact with tetramethylammonium chloride solutions which meant that the leaching 
process was actually an exchange process which obeyed electroneutrality. In fact, Pungor'^ 
showed in earlier work that no leaching to a distilled water receiving solution was observed 
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across a membrane under a concentration gradient in zero current conditions when the 
counter ion is not lipophilic. 
The second paper cited concems work on a membrane electrode which showed a 
response towards silver and halide anions.'^ This electrode was very different to a standard 
membrane ISE as the ionophore was complexed with silver ion and then used to cast the 
PVC membrane. The inner fill solution used was KCl. The response of this electrode was 
then described by the original authors as having a mechanism similar to that of a pressed-
pellet electrode. However, Bakker et al rationalised the anion response in terms of an ion 
exchange process at the electrode surface. It is, therefore, unreasonable to suggest that this 
work presents evidence for primary ion leaching from the membrane. 
4.1.3 Mechanism of Membrane Response 
The membrane potential can be divided into three separate potential contributions: 
the inner electrolyte interface, outer sample interface and the diflfiision potential within the 
membrane. The potential at the inner electrolyte can be assumed to be constant as it is 
independent of the sample. However, the relevance of the diffusion potential is the source 
of much debate, centring on whether there is a transport mechanism within the membrane. 
Early models of electrode response relied on a transport mechanism within the membrane 
however, many authors now believe that the response is governed at the phase boundary. 
4.1.3.1 Transport Mechanism 
Morf and Simon are among the most cited supporters of the transport mechanism 
from work published in 1986 .^ This work demonstrates that the diffusion potential is 
produced by the diffusion of ions within the membrane, which is treated as a non porous 
ideal phase. Electro-dialysis experiments were conducted using labelled valinomycin in 
contact with labelled KCl solutions. A carrier-concentration gradient was found which 
results from the translocation of cationic complexes. 
Buck and co-workers evolved a technique to investigate diffusion of neutral 
molecules (valinomycin was used) within the membrane based on current-voltage curves'^. 
A steady state carrier mechanism was proposed, as current is carried through the membrane 
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by valinomycin (K^val) at the same time the free valinomycin back diffused with a flux 
that exactly balances the current carried by K^val. At higher potentials the current reached a 
limiting value when the valinomycin concentration became zero at one interface . 
Impedance spectroscopy was used by Pungor and Buck to examine the bulk 
properties of membranes containing valinomycin compared to those of blank membranes.^ o 
Their model of electrode behaviour depended on bulk membrane processes, complexation 
and transport. The cation selectivity of the dummy membranes was attributed to them 
behaving as low capacity ion exchangers. Results from this work agreed with earlier work 
on the current-voltage curves which show that the addition of valinomycin reduced the 
membrane resistance by two orders of magnitude. 
4.1.3.2 Phase Boundary Mechanism 
Pungor in more recent work in 1992^' and 1996'^ is one of the strongest opponents 
of the transport mechanism despite the fact that he has published work earlier in support of 
it.20 To demonstrate that the electrode response is a surface and not a bulk effect, the 
following experiments were performed: (i) response times, (ii) transport and (iii) 
penetration. In the kinetic studies (i) he showed that response was less that 20 ms, and of 
the same order as diffusion of ions through the boundary layer, this was interpreted as 
evidence that the response time is governed by a phase boundary and not a bulk reaction. In 
transport experiments (ii) across a valinomycin based electrode under zero curtent 
conditions he showed that no was detected in a receiving aqueous layer, meaning that 
the membrane provides a barrier at zero current conditions'^. The penetration experiments 
(iii), illustrated that primary ions only react with the active components situated at the 
electrode surface but do not enter the membrane phase under zero current conditions, 
provided that the counter ion is lipophilic. 
Chemisorption studies were used to form a model of the formation of electrode 
potential. An electrochemical equilibrium requires the presence of counter ions in the 
solution layer close to the solid surface in the same amount, and similarly high 
concentration as on the surface. 
• Material transport cannot be regarded as the potential determining step 
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• Ions are selectively bound to the surface 
• Owing to the chemisorption of the ion, the equilibrium of statistically distributed ions 
and counter ions is upset, the electrode surface becomes charged while the counter ions 
stay in solution in contact with the electrode, i.e. a charge separation occurs 
• The bulk membrane only affects the impedance of the electrode 
Results by Buhlmann are in agreement with Pungor that the potential is determined at the 
surface and not the bulk of the membrane'^ 
• Permselectivity is due to the complete exclusion of counter ions from the membrane 
phase, the added ionic sites through an ion exchange mechanism allow primary cations 
to enter the bulk without violating electroneutrality. 
• Non response of rigorously purified membranes is not due to a high impedance effect 
• The presence of ionic sites, either added intentionally or introduced as impurities of 
membrane components, gives ISE membranes an ion exchange capability. 
This work also demonstrated leaching of using atomic absorption spectroscopy 
(AAS) into a 10'^  Me4NCl receiving aqueous solution. This is not transmembrane leaching, 
as it was that was extracted regardless of whether the inner fill solution was NaCl or 
KCl, also the relatively short exposure times made transmembrane transport improbable. 
Transport of these cations must obey electroneutrality suggesting that either anions are 
transported in parallel, or cations in antiparallel direction within the membrane. 
Bakker and Pretsch have published a lot of work recently on the theory of ISE response, 
proposing a model entitled the "The Phase Boundary Potential Model" The model relies on 
the following four assumptions: ^ '^^ ^ 
1. Membrane potential is governed by the phase boundary potential at the 
sample/membrane interface, the diffiision potential is negligible 
2. The organic phase boundary contacting the sample is in chemical equilibrium with the 
aqueous sample solution. 
3. Concentration values are used, as activity coefficients are constant for all ionic species 
in the membrane phase 
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4. The formation of ion pairs between the lipophilic ion exchanger (or ionic sites) and 
their counter ions is either the same for all ions or negligible. 
Assumption 1 is based on experimental evidence which has shown that the diffusion 
potential is negligible and that the permselectivity can be explained in terms of the ionic 
additives from deliberately added anions or anionic impurities. Assumption 2 is valid as the 
phase transfer reaction is generally much faster that the relevant diffrision processes in both 
the aqueous and organic layer, therefore equilibrium conditions can be assumed. 
Assumption 3 is reasonable as the ionic strength in the membrane is defined by a low 
constant concentration of ionic sites. This allows simple relationships for mass balance and 
electroneutrality to be used. Assumption 4 is used for simplicity purposes, and the 
assumption that all ion pairs have nearly equal association constants has been verified to a 
certain extent. 
The validity of the model which predicts a permselective Nerastian response was 
tested experimentally by monitoring the concentration of species in the membrane directly. 
This was achieved using the H^ selective chromionophore ETH 2418 and monitoring its 
absorption when the membrane was in contact with a solution where the pH was varied. 
Results showed that the absorbance, and hence the activity of H* in the membrane, did not 
change in the pH range 2.5 to 11.5. These results were used to predict potentials of a H* 
selective electrode over the same pH range and results compared to a parallel experiment 
where a membrane of identical composition was used in a H^ selective electrode. A 
Nemstian response of the electrode was observed in the pH range where the absorbance did 
not change i.e. from 2.5 to 11.5, and the measured values of potential were in good 
agreement with those predicted in the optode experiment. It was also significant that the 
optode experiment allowed prediction of the electrode response in the regions of cationic 
and anionic interference at low and high pH values respectively. 
The model was extended^^ to predict the response functions in mixed solutions as 
well as neutral and charged carrier systems. However, the model is not applicable unless 
the electrodes exhibit a Nemstian response towards all the ions of interest, nor is it valid for 
precipitate based electrodes. The model requires a constant composition in the membrane 
bulk, it must have ion exchange properties and be sufficiently hydrophobic to prevent co-
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extraction of sample counter ions and be sufficiently hydrophobic to prevent co-extraction 
of sample counter ions. To maintain a Nemstian response to the sample ion, a selective 
ionophore has to be used to prevent a mixed ion response, however this is conditional on 
the ligand not binding the sample too tightly. 
In conclusion, there still seems to be little agreement in the literature on the 
response mechanism of membrane electrodes. The importance of anionic sites in the 
membrane either as impurities or as additives seems universally accepted as does the 
presence of a selective ionophore. Most authors now agree that it is an equilibrium process 
at the electrode sample interface that governs the response and not bulk transport within in 
the membrane. 
4.1.4 Membrane Components 
A typical membrane used in an ISE has the following composition by weight^^; 66 
% plasticiser (a water immiscible high boiling point liquid) 32 % PVC, 1.2 % ionophore 
(ion carrier) and 0.8% additive (a bulky lipophilic anion). To understand the contribution 
that each of these components makes to the membrane they wil l be discussed individually 
4.1.4.1 PVC 
PVC was first added to give mechanical support to the membranes. It is now 
realised that the PVC was also a very important source of anions which were present as 
impurities. These were identified^^ by X-ray fluorescence, secondary ion mass 
spectroscopy and X-ray photoelectron spectroscopy. They included sulfonates and sulfates 
from polymer-bound initiating groups, carboxylates fi-om oxidation reactions and 
remainders of surfactants such as alkyl sulfates and phosphates. They found the amount of 
anion sites appears to be uncontrolled and dependent on the purification methods. It is 
ironic that the original inclusion of PVC was to provide mechanical stability to the liquid 
membrane, yet its inherent impurities proved to be more important for the correct 
functioning of the electrode, providing an ion exchange mechanism. 
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4.1.4.2 Plasticiser 
The plasticiser percentage in membranes varies from 33 wt.% in commercial 
electrodes to 66 wt.% in ISE electrodes, and electrode performance deteriorates with 
decreasing plasticiser content^^. The temptation is to regard the PVC as an inert support and 
the plasticiser as a free liquid. However the work of Fiedler and Ruzicka has shown that the 
membrane is more homogenous than heterogeneous^^. They showed that the electrodes are 
functional only above a glass transition temperature similar to the melting point of a solid, 
which clearly demonstrated that the plasticised PVC has to be in a liquid like state with the 
plasticiser molecules and the PVC chains forming a tme solution in which the ionophore 
and added sah are dissolved. The dielectric constant of the plasticised membrane is very 
important, and is a function of both the proportion of PVC to plasticiser and the nature of 
the plasticiser. 
4.1.4.3 lonophore 
The original ionophores incorporated were macrocyclic antibiotics^ ^  As synthetic 
macrocycles were developed these too were incorporated, and it was soon realised that non-
macrocyclic complexing agents could also be used. The required ionophore had to be 
lipophilic enough to stay in membrane, selective to be of use in a sensor, and have fast 
complexation times. The suitability of an ionophore is often measured in terms of the 
strength with which it binds the ion of interest. This is measured in terms of a stability 
constant and is often expressed as a logarithm, the range of adequate complex formation for 
an ionophore to work effectively in a membrane is log K = 4 to 9 for a 1:1 stoichiometry^^. 
The minimum binding strength is governed by the requirement that the ion must be present 
predominantly in the complexed form. However, i f the complexation is too strong co-
extraction of anion occurs. 
4.1.4.4 Ionic additives 
It is now accepted that anionic sites originally present in small concentration as 
impurities, are required for the permselective behaviour of ISE membranes. 
Tetraphenylborate salts were originally added to reduce the anionic interference observed 
in the presence of lipophilic anions such as SCN" and CIO4". It was realised that this 
addition has other benefits including a lowering of the membrane resistance and an 
influence on the selectivity coefficient^^. 
67 
•3 
The amount of ionic additive has a striking effect on the selectivity of the membrane 
which can resuh in the same membrane acquiring completely different selectivity^" .^ Theory 
and experiment confirm that sensors requiring monovalent selectivity should only contain 
small amounts of additive w^hilst divalent selectivity requires a molar ratio of cation to 
carrier of 0.7. This effect was illustrated by Simon et al using a neutral carrier ETH1692 
and varying the amounts of potassium tetrakis(p-chlorophenyl)borate (KTpClPB). In this 
work the proportion of additive was varied from 0 to 200% of the ionophore, and the results 
obtained were in very good agreement with theory. This dependence of the selectivity on 
the additive makes the membrane very sensitive to loss of KTpClPB. They prepared 
membranes containing 95 and 110 mole percent additive which were soaked in 0. Imol dm 
MgCb for one month which resulted in 10 - 15% loss of additive. An excess of additive is 
self correcting, membranes which have KTpClPB in excess of valinomycin levels, 
spontaneously lose it until its concentration becomes exactly the same as that of the 
valinomycin itself 3' 
4.1.5 Silver ionophores 
The selectivity of liquid membranes has been shown to depend on the 
complexation specificity of the ionophore as well as the composition of the membrane 
(vide infra). The selectivity of these carriers for cations has been shown to depend on such 
factors as the number and type of donor atoms and on the size match between the metal ion 
and the ionophore32-34 this section a range of silver ionophores are reviewed with 
emphasis on those that have been incorporated into membrane electrodes. The ionophores 
are compared in terms of their selectivity for silver over interfering metal ions which is 
usually expressed as log KAg,M. Reported selectivity values vary from 1 (poor) to 6 
(excellent). The method of determination is normally given as FIM for the fixed 
interference method or SSM for the separate solution method as discussed in section 4.1.2. 
4.1.5.1 Thiacrown ethers. 
Thiacrown ethers are among the first compounds to be incorporated into PVC 
membrane electrodes, such as those membrane electrodes prepared by Lai and Shih using a 
range of diether crown ethers^ .^ Of those tested, they found that l,4-dithia-15-crown-5 22A 
showed the best sensitivity (40mV dec"^ ) and showed good selectivity coefficients towards 
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alkali, alkaline earth and transition metals with log KAg,M (FM) values higher than -3.5, 
although mercury was still a strong interferent (+0.8), as shown in Figure 4.3. 
Figure 4.3 Compounds (22 A-F ) synthesised by Lai and Shih^s and their responses 
towards Ag" .^ 
Interestingly, some cryptand ligands (molecules 22E and 22F in Figure 4.3) were 
also tested in this study and these showed very little response, which was a surprising result 
owdng to their similar cavity dimensions to the polyethers tested. The authors rationalised 
this result by arguing that the cryptands formed very strong complexes which resulted in 
difficulty in exchanging the Ag"^  between the membrane and the test solution. The 1,7-
diether ether (molecule 22D) showed a very good response at low levels of Ag"^  but tailed 
off at higher concentrations, which would appear to suggest that this ionophore has a very 
high afFmity for silver at low concentrations, but rapidly becomes less responsive at higher 
concentrations as the available complexation sites become filled. Similar selectivity values 
towards alkali, alkaline earth and transition metals was achieved by Oue et al '^^ '^ ^ also 
using thia- and dithia-crowns, but they achieved better selectivity towards Hg^*. 
A range of 14-crown-4 compounds was synthesised and the performance of the 
corresponding membrane ISE's analysed^^. This study investigated variation of ring size, 
number and degree of oxidation of sulfur atoms, and size of bulky substituent in cyclic as 
69 
well as acyclic thioether molecules. The best silver ionophore was 23 with selectivities of 
the order -log A&M ( S S M ) = - 4 and - 5 for the alkali / alkaline earth metal ions and heavy 
metal ions respectively. This was attributed to the presence of the bulky pinan substituent, 
which prevented the formation of stable complexes with other interfering ions, rather than 
this structure having an optimum binding geometry for silver ion. 
0 0 ^ 
23 
Macrocyclic polythia ethers (24, 25 and 26) have been used by Casabo ei al. 
incorporating aromatic rings as macrocyclic components'^. These were tested as membrane 
electrodes and showed an excellent Nemstian response, (Figure 4.4) in the range 10''-10"^ 
mol dm"'', as well as good selectivity towards a wide range of cations, including values for 
mercury which ranged between log KAg,M (FIM) = -2.1 to -2.6. The authors could not 
explain this high selectivity but they reasoned that it could be attributed to "electronic 
factors or mobility problems inside the membrane". 
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Figure 4.4. Polythia ethers prepared by Casabo'*^ and their response to silver 2(+), 3(D) and 
4(A) 
4.1.5.2 Calixarenes 
Calixarenes are a relatively new class of macrocycles and have been synthesised 
with a wide range of fiinctional groups suitable for the selective complexation of alkali and 
alkaline earth metals. Recently, new calixarenes have been synthesised which incorporate 
nitrogen and sulfijr atoms making them suitable for silver binding."*^ A range of calixarenes 
exhibited acceptable silver responses with one bearing CHjCOjCjH^SCHj groups 
displaying almost Nemstian response (50 mV dec'') with a detection limit in the order of 
10"^  mol dm."' Further work was carried out on incorporating this ionophore it into both 
membrane and membrane-coated glassy carbon electrodes. From selectivity coefficients 
determinations Na* and Hg^ "*" were the main interferents with log KAg>i (SSM) values 
between 0 and +2.0. The best selectivities were over the heavy metal ions such as Pb^* and 
Cd^ "" which were of the order log KAg,M (SSM) = -3.0; however, K"" was still a major 
interferent at log K A g ^ (SSM) = -2.1. This high interference from the alkali metal ions is 
due to the presence of the hard oxygen atoms in the ester group. In a later publication by 
the same group, the effect of conformation of the calixarene on silver binding was 
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investigated.'*^ A calixarene with practically the same chemical structure, but in a partial 
cone conformation, showed superior selectivity performance than that of the cone 
conformation. This was accounted for by the increase in the size of the cavity which 
disfavours binding by the smaller interfering cations. 
Work on calixarenes was extended by Malinowska et al. with calix[4]arenes 
fiinctionalised with CjH^SCHj groups incorporated into PVC membranes.''^  These 
electrodes showed good responses to silver over a wide range of concentrations in the 
presence of alkali, alkaline earth and transition metals and for mercury showed high 
selectivity (log KAg^FiM) = -2.5). When comparing the values for the two calix[4]arenes 
one bearing two C2H4SCH3 groups, the other bearing four it was found that the number of 
sulfur donor atoms in the receptor molecule does not influence significantly, the selective 
complexation of silver ions. 
4.1.5.3 Acyclic Sulfides. 
Recently there has been a move towards the use of acyclic sulfides in the design of 
silver ionophores. Brzozka et al. noticed the selectivities of thia-crown ethers were similar 
in spite of different numbers and positions of the sulfur atoms in the rings, which prompted 
them to investigate acyclic thioethers.'*' Two groups of lipophilic sulfides were synthesised 
and their structures are shown below. 
27 28 29 
30 31 32 
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The first two sulfides compounds tested, 27 and 28 showed Nemstian response 
whilst the third 29 deviated at higher concentrations. This deviation was thought to be 
indicative of this molecule forming an extremely strong complex with silver, (this so-called 
S-curve behaviour has been described by Cobben using model calculations''^). The second 
group of sulfides (30 - 32) contain one oxygen atom which has the effect of reducing the 
selectivity over other transition metal ions but enhancing that of silver over mercury. 
Interestingly, it is the ionophore 30, functionalised with pendant naphthalene groups, which 
displays the best Ag* selectivity. This is consistent with the affinity of Ag* for aromatic 
ligands which was discussed in section 1.1.2. 
Casabo et al investigated the acyclic analogues of the polythioether macrocycles 
described earlier and found no significant difference in silver selectivity between them and 
their cyclic analogues.'*^ This led the authors to postulate that it is factors such as the 
geometrical arrangement of the thioether atoms in the receptor, the Ag^ affinity for sulfur 
atoms, and the tendency for linear coordination which are important in silver complexation, 
not the cyclic or acyclic nature of the ligand. 
The potential of simple thioethers to act as sensor molecules was also explored by 
Casabo et al, who after a systematic search of the literature, hypothesised that "the 
macrocyclic nature of the cavity size of thioether ligands was not the main basis for good 
selectivity for Ag*, but rather simply the existence of the thioether group in the sensor 
molecule".''^ To confirm their hypothesis they took "common lab-shelf chemicals" 
containing the thioether moiety, viz., EtSEt, PhSEt and PhSPh and incorporated these into 
PVC membrane electrodes. They obtained Nernstian responses for all three electrodes and 
found very little difference in their response parameters, thus showing the absence of an 
influence of the nature of the moieties attached to sulfur. Selectivity studies were also 
reported for a range of metal ions and these electrodes displayed log KAS^MCFIM) values 
around -5 , although a value for the selectivity towards mercury was not reported. This was 
reported in a later paper by the same group when they incorporated the diphenyl thioether 
into a CHEMFET device.'^ In this work the selectivity series was extended to include a 
value for mercury of log KAg,M(FiM) = -1.8. This is a relatively high interference which is 
attributed to the simplicity of the molecule. 
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4.1.5.4 Other lonophores 
Silver selective electrodes have also been reported with other classes of ionophores. 
Among these is a pyridinophane which is an interesting silver ionophore as it does not 
contain any sulfur atoms."*^  
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The selectivities reported were log KAg,M (SSM) = -2 to -3 for the alkali / alkaline 
earth metal ions and -3 to -4 for the heavy metal ions. The high alkali / alkaline earth metal 
ion interference was due to the hard donor atoms; this ionophore also bound mercury 
irreversibly. 
A series of podands containing nitrogen and sulfur atoms were recently reported. 
52 Resuhs from this work presented an exception to the "simple existence of a sulfur atom" 
hypothesis of Casabo as the nature of the podand had a significant effect on the response of 
the membrane electrodes. 
S S 
34 35 36 37 
The podands 34 and 35 gave negligible slopes compared to 36 and 37 which 
displayed near Nernstian slopes. The reported selectivities were also an order of magnitude 
higher for the podands 36 and 37 than for 35. 
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4.2 Experimental 
4.2.1 Materials 
Of the ionophores employed in this work, 8d was synthesised as described in 
Section 2.2, ionophore 23 was supplied by Fluka and ionophore 24 was synthesised by 
Teasdale.53 The membrane components, PVC (high molecular weight) potassium 
tetrakis(4-chlorophenyl) borate (KTpClPB), 2-nitrophenyl octyl ether and bis(2-
ethylhexyl)sebecate DOS were obtained from Fluka. Silver nitrate was obtained from 
Aldrich. 
4.2.2 Membrane preparation 
Membranes were prepared according to the procedure widely used by Craggs et 
a/.24 Typically, the following compositions were used: 1.2 wt %> ionophore, 0 to 70 mol % 
(of ionophore) KTpClPB, 64 - 67 wt % plasticiser (oNPOE or DOS) and 33 wt % PVC. 
The components were dissolved in 5 cm'' of freshly distilled THE and were agitated 
overnight on a mechanical shaker. The resulting syrup was poured into a glass mould and 
the THF solvent allowed to evaporate slowly at room temperature over a period of 24-48 h. 
A semi-transparent flexible film resulted, from which a disk of 9 mm in diameter was cut 
using a cork borer and positioned in the electrode. The electrodes was assembled, including 
a 10'^  mol dm''' AgNOj inner fill solution, and immersed in a conditioning solution of 10'^  
mol dm'' AgNOa for 24 h. 
75 
4.2.3 Techniques Employed 
4.2.3.1 Separate Solution Method 
Electrode Calibration 
The electrodes were calibrated using solutions of AgNOs in the range 10"^  to 10"' 
mol dm'^. The potentiometric set-up allowed six electrodes to be measured simultaneously. 
The first calibration was run in ascending order starting with the 10"^  mol dm'^  solution. 
The electrodes were rinsed with distilled water between each reading. The second 
calibration was run in the reverse order i.e. starting with the most concentrated solution and 
working down. The final calibration was in ascending order. This technique was used to 
investigate the reversibility of the electrode response, and also provided three sets of values 
of potential for each value of concentration. The reference electrode was an Orion double 
junction electrode with a silver/silver chloride inner reference and a KNO3 bridge solution. 
Selectivity Coefficients Determination 
Selectivity coefficients were determined using the separate solution method.'' In 
this technique the response of the electrode in a pure solution of the ion to be determined, in 
this case Ag" ,^ is compared to the potential in a pure solution of an interferent ion of the 
same concentration. Metal nitrate solutions of 10"' mol dm"' were used for silver and the 
interferent ions. The potential of the silver ion was first determined and the electrodes were 
then rinsed with distilled water before the potential of the interfering ion was determined. 
This process was repeated for all the interferents, allowing a silver ion solution to be 
determined between each interferent ion. This technique allows the electrode to be 
monitored for drift, which could occur i f interfering ions were to bind irreversibly. 
Selectivities were calculated using the Nicolsky-Eisenman equation (4.8) 
^ - . 1 0 ^ ^ ^ ^ ^ ^ (4.8) 
2.303/?r ^^J^ 
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where 
Ky"' Potentiometric stability constant for the primary ion i over the interfering ion j 
E^,Ej Potentials for the primary and interfering ions, respectively 
z, ,Zj Charges for the primary and interfering ions, respectively 
a, ,aj Activities of the primary and interfering ions, respectively 
R Gas constant 
F Faraday constant 
T Temperature in Kelvin 
This equation can be simplified by combining the constants in the first term of 
equation (4.8) to give the theoretical slope S, which at 25 °C has a value of 59.16. The 
charge on the primary silver ion is +1, so the term Zi reduces to unity. In addition the 
concentration of the primary and interfering ions are equal, and we are using concentration 
instead of activity, af = a, = 0.1. Therefore the second term of equation 4.8 simplifies 
greatly. This allows equation 4.8 to be written as follows: 
^ . f ' = 1 0 ^ (O.l)A (4.9) 
where 
Theoretical slope, 56.16 at 25°C. 
AE : - Ej 
Selectivity coefficients are normally expressed as -log K 
- l o g / ^ f = ^ + log(0.l)X (4.10) 
Equation 4.10 was then used to calculate the selectivity coefficients. 
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4.2.3.2 Constant Volume Dilution Method 
This method was introduced by Horvai and Pungor for calibration of ion-selective 
electrodes.54 n jg regarded as a superior technique to the SSM as it more closely represents 
the working environment of a sensor, i.e where the primary ion is determined in a 
background of interfering ion. However, the analysis time for an electrode calibration is 
longer (typically 25 minutes) and specialised constant volume and reference cells are 
required. The values for slope determined for a given electrode using this technique is 
generally higher than the corresponding value determined using the SSM. This is due to a 
hystersis or memory effect of the ion in contact with the membrane as the solution is 
diluted, and does not occur in the SSM as the electrode is rinsed with distilled water 
between determinations. 
It involves immersion of an electrode into a solution diluted with respect to one of 
the components which influences the potential. I f an electrode responds in a Nemstian 
fashion, then its measured potential is proportional to In C (where C is concentration in mol 
dm''). Such an electrode responding to a continuously diluted solution would give a linear 
response to potential versus time. 
The experiment involves the continuous dilution of a fixed volume of stirred, 
solution either by water for a calibration, or a background electrolyte for selectivity 
determinations. The relationship between the concentration and time can be derived as 
follows. 
Dilution of the cell with a solution not containing the primary ion results in a volume 5 V 
being replaced by the diluent. The new concentration of the primary ion (C) is given by 
equation 4.11. 
78 
Rearranging and substituting 5C = C - C gives 
^ - _ ^ (4.12) 
C V 
I f the dilution is continuous then 6V -> dV 
(4.13) 
C V 
For a flowrate of oj (m's"'), dV = © dt, where t is the dilution time in seconds. 
Substitution into equation 4.13, and integration, gives: 
ff«2 = rff* (4 ,4) 
InC = I n Q - ^ (4.15) 
where Co is the initial concentration of the primary ion in the fixed volume and C is its 
concentration at time t. As the initial results are plotted in the form of potential versus time 
and the final plots are presented in the form of potential versus -log C, the following 
conversion is used; 
- logC = - l o g C o + l o g f e ° ' ' ^ » l (4.16) 
The experimental setup is shown in Figure 4.5. The solution is drav^ through the 
constant volume cell, past the reference cell and on to waste by a peristaltic pump. The flow 
rate was measured by timing the filling of a volumetric flask. This flow rate was used to 
calculate the volume of the constant volume cell by measuring the time required to fill it. 
The constant volume and the reference cells were made in house and the system was 
thermostated at 25°C. 
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Figure 4.5 Schematic representation of experimental set-up for constant dilution 
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The determination of a limit of detection, or a selectivity coefficient of an electrode 
requires determining the range of activity where the electrode responds in a Nemstian 
fashion to the primary ion. The response of an electrode to the primary ion i and the 
interfering ion j is shown in Figure 4.6. 
Response to i 
E/mV 
Response to j 
-logC 
Figure 4.6 Ideal response curve for an electrode on dilution with an interfering ion. 
I f the electrode response levels out upon dilution then the point C is where the 
electrode is responding equally to both ions. An expression relating this concentration to 
the selectivity coefficient can be derived as follows. 
At high concentration of primary ion the potential is govemed by i 
£,=£„+A:logQ (4.17) 
At low concentrations of i , the electrode response is govemed by j 
= £ „ + ^ l o g ( ^ , C , % (4.18) 
Combining equations 4.17 and 4.18, at concentration C where Ei = Ej gives 
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V J 
(4.19) 
This can be rearranged to give an expression for the selectivity coefficient 
K, = 
C (4.20) 
The situaition represented in Figure 4.6 represents and ideal response behavior 
which is not always observed. It is more common for the response to decrease on dilution 
and not level out, this response is shown in Figure 4.7. 
E/mV 
AE 
-logC C' 
Figure 4.7 Response curve when the potential does not level out on dilution with an 
interferent 
In this situation a different methodology is used which involves comparison of the 
electrode response for the pure primary ion and the mixed response. 
The primary response is given by 
= £„+AlogC, (4.17) 
The response in mixed solution is given by 
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E' = £o +^log 
'A 
(4.21) 
At the point C on Figure 4.7, Q = C - KyCj, the difference in potential AE 
between the pure solution and the mixed ion solution, each with primary ion concentration 
C is 
AE = =A:log2 (4.22) 
2.303i?r, ^ 
tsE = log 2 (4.23) 
A£ = —mV (4.24) 
The concentration C can be determined by extrapolation of the linear plot to the 
point where an 18 mV deviation occurs from the Nemstian response. 
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4.3 Results 
4.3.1 Choice of lonophore 
In this section compounds 7a-d (whose synthesis was described in Chapter 
2) were used to prepare polymer membranes suitable for incorporation in ISEs. The use of 
ISEs for potentiometry does not require a molecule with transducer properties, but rather a 
molecule which binds reversibly the ion of interest^ The results from solution studies as 
described in section 3.3, indicate that these molecules do have an affinity for silver. A 
membrane composition without additive was selected to optimise the binding contribution 
of the molecule, as it was feared that the soft tetraphenylborate anion would bind silver. 
RS' 
R 
7a Me 
7b Et 
7c iPr 
7d nBu 
7a-d 
In this experiment the effect of changing the lipophilicity of the thione in the range 
7a-d was investigated. A series of membrane compositions was prepared as shown in Table 
4.1. 
Electrode Molecule PVC 
Weight % 
Plasticiser 
Weight % 
Molecule 
Weight % 
E l 7a 31.8 67 1.2 
E2 7b 31.8 67 1.2 
E3 7c 31.8 67 1.2 
E4 7d 31.8 67 1.2 
Table 4.1 Compositions of electrodes prepared from thiones 7a-d 
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Figure 4.7 Calibration plots of electrodes 1 to 4 prepared using compounds 7a-d. 
The calibration plots of electrodes E1-E4 are shown in Figure 4.7. The potentials of 
these electrodes show considerable scatter (up to ±20mV), and it is also significant that all 
electrodes show a decrease in potential on increasing the silver concentration from 10'^  to 
10"' mol dm'^. The degree of nonlinearity of these electrode slopes made the accurate 
determination of slopes difficult but approximate values show that they are all sub 
Nemstian with values from 15 to 30 mV dec''. 
These electrode characteristics suggest that all of these electrodes are binding silver 
irreversibly. It is significant that this behaviour is not affected by the change in ionophore 
lipophilicity (i.e. on going from R=methyl to R=butyl group for electrodes E l to E4). This 
suggests that binding is occurring at another site such as the thione group and not at the 
ligating chain which was the initially proposed binding site. 
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Figure 4.8 Selectivities of E l to E4 prepared from compounds 7a-d for silver over a range 
of cations 
The selectivity of E l to E4 for silver ion over a range of metal ions of interest to 
Kodak was determined by the separate solution method. The results are expressed as 
logarithms of the selectivity coefficient KA^/U (defined in section 4.2.3.1) and are shown in 
Figure 4.8. The values for the E l to E4 decrease with increasing lipophilicity except for E3 
which breaks this trend. This indicates that the increasing lipophilicity resuhs in an increase 
in binding of the interfering cations, this trend is not readily explicable. 
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The results of the calibration plots of thiones 7a-d indicate that the backbone of the 
molecule is binding silver strongly, with the most likely binding site being the thione 
group. This thione can easily be converted to a ketone using mercuric acetate and this 
reaction was described in chapter 2 to form the analogous compounds 8a-d. This series of 
ketones was used to make a new set of membranes, using the same composition as that' 
used for compounds 8 a-d and the new electrodes were numbered as shown in Table 4.2 
Ph' 
RS' 
R 
fl \ = 0 8b 
Me 
1 / Et 
8c iPr 
8d nBu 
8a-d 
Electrode E5 E6 E7 E8 
Compound 8a 8b 8c 8d 
Table 4.2 Numbering of electrodes prepared using compounds 8a-d. 
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Figure 4.9 Calibration of E5 to E8 prepared using compounds 8a-d. 
The calibration plots of E5 to E8 are shown in Figure 4.9. In this series, there is a 
clear change in electrode response upon increasing the lipophilicity of the molecule, as the 
slope of the response increases from 35 mV dec ' for the methyl group to 43 mV dec ' for 
the butyl group. These resuhs contrast with those in Figure 4.7, where no difference in 
response was observed upon changing the lipophilicity. This result is significant for two 
reasons as it suggests : (i) that the main mode of silver binding is at the intended side-chain 
binding site and (ii) the extent of this binding can be controlled by varying the functionality 
in the side-chain. 
88 
-Na+ - K + Mg+2 -Ca+2 -Fe+3 
0 
-0.5 
-1 
-1.5 
-2 
-2.5 
-3 
-3.5 
-4 
•4.5 
-5 
E5 E6 E7 E8 
Figure 4.10 Selectivities of E5 to E8 prepared using compounds 8a-d. 
The selectivities of E5 to E8 are shown in Figure 4.10. These results, like the 
calibration results, demonstrate an improved electrode performance in the s«ies E5 to E8 
compared to E l to E4, i.e. changing from the thione to the ketone is beneficial. The values 
for the selectivities of the electrodes improve with increasing lipophilicity, in particular the 
value for KAg+zr^i improves from -2.0 for electrode E4 to -3.5 for E8. The range of silver 
selectivities (which reflects the overall silver selectivity) for each electrode also decreases 
with increasing lipophilicity, i.e. the difference between the values of KAg+/Fe^ 3 and KAgt^+ 
for E5 is 2.0 and for electrode E8 is 1.2. It is interesting that the values for E7, yMch 
contains the isopropyl group, do not fall into the lipophilicity trend with the otho' 
electrodes. In fact the overall trend towards improved silver selectivity with increasing 
lipophilicity in the range E5-E8, is the opposite to that observed in Fig 4.8 for E l to E4. 
This difference is indicative of a different mode of binding in the ionophore series 7a-d 
compared to 8a-d which is fiirther evidence that it is the thione group in the series 7a-d 
which binds silver and not the side chain. 
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4.3.2 Optimum Membrane Composition. 
In the previous section, compound 8d was selected for its suitability in membrane 
electrodes based on calibration and selectivity experiments using membrane compositions 
based on the widely used Moody and Thomas composition.24 in this section, the plasticiser 
and percentage additive were varied to optimise the membrane composition for use in silver 
ion measurements. The response of 8d was compared to a commercially-available silver 
ionophore 25 using calibration and silver selectivity experiments. 
s s 
25 
4.3.2.1 Calibration Plots of oNPOE Plasticised Membranes . 
A series of membranes was prepared by varying the plasticiser and the percentage 
additive content. The first series of membranes were formulated using oNPOE as the 
plasticiser with concentrations of 0, 30 and 70 mol % of additive relative to the ionophore, 
as shown in Table 4.3. 
Electrode Compound PVC 
Weight % 
oNPOE 
Weight % 
lonophore 
Weight % 
KTpClPB 
Mole % 
E9 - 33 67.00 0 0 
ElO - 33 66.43 0 30 
E l l - 33 65.93 0 70 
E12 8d 33 65.80 1.23 0 
E13 8d 33 66.34 1.23 30 
E14 8d 33 64.73 1.23 70 
E15 25 33 65.80 1.23 0 
E16 25 33 65.06 1.23 30 
E27 25 33 64.07 1.23 70 
Table 4.3. Formulation of electrodes used to optimise membrane composition. 
90 
In this section the electrodes are compared in groups of three, each graph 
containing an electrode without ionophore (dunrniy), an electrode with ionophore 
8d and an electrode with ionophore 25. The plots of the electrodes are the average 
of three measurements, the error bars representing the degree of scatter. The 
responses are compared for reproducibility, linearity and slope in the linear portion 
of the response curve. 
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Figure 4.11 Calibration of electrodes E9 (dummy), E12 (8d) and E l 5 (25) prepared using 
oNPOE as plasticiser with no additive. 
The response of the electrodes without additive is shown in Figure 4.11. It can be 
seen that there is very little scatter in potential values of 2 to 5 mV for the E9 (dummy) and 
E12 (8d) electrodes, but a lot of scatter (up to 50 mV) for the electrode El5 (25), this 
suggests that this ionophore is binding Ag^ irreversibly. The tailing off of the potential at 
higher concentrations for El5 is also indicative that the electrode is binding silver 
irreversibly. Of the electrodes it is only E l 2 which shows a near Nemstian slope of 52 mV 
dec"' which suggests that silver is being bound reversibly by this ionophore. Electrode E9 
shows a small response to change in silver concentration which is surprising, as this 
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electrode does not contain any ionophore. This response is probably due to anionic sites in 
the membrane caused by impurities in the PVC. 
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Figure 4.12 Calibration of electrodes ElO (dummy), E13 (8d) and E16 (25) prepared using 
oNPOE as plasticiser with 30% additive. 
The effect of the additive on the response of these electrodes to silver ion can be 
seen from the calibration of electrodes ElO, E13 and E16 as shown in Figure 4.12. The 
values for the electrode E16 (25) are even more scattered and show a more pronounced 
tailing off at lower [Ag^] than those observed for the corresponding electrode El5, as 
shown in Figure 4.11. This indicates an increase in the irreversible binding of silver ion by 
this electrode on addition of the additive. It is also interesting to note that the response of 
the electrode ElO has significantly improved compared to the corresponding dummy 
electrode E9, the slope has improved from 33 to 50 mV dec'V The response for the 
electrode E13 (8d) has also improved from 51 to 55 mV dec"' which is a smaller increase 
than that observed for the dummy electrode ElO. These combined observations indicate 
that the additive binds the Ag^ ion, the effect is most pronounced in the dummy electrode 
ElO. The extra binding contribution of the additive is not as pronounced in the electrode 
El3 as compound 8d is already binding silver ion. 
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Figure 4.13 Calibration of electrodes E l 1 (dummy), EI4 (8d) and E17 (25) prepared using 
oNPOE as plasticiser with 70 mole % additive. 
Increasing the concentration of the additive to 70 mole % has a pronounced effect 
on the electrodes and in particular the electrode El7 which contains the Fluka ionophore 
(25). The small degree of scatter (±2 to 7 mV) between different potential readings, as 
reflected by the small error bars indicates an increase in reproducibility of electrode E l 7. In 
fact, the values are of similar magnitude to those of the dummy ( E l l ) and 8d (El4) 
electrodes. It is also significant that the value of the slope for electrode E l 7 of 51 mV dec"' 
is now within a 10 mV dec"' range of the other two electrodes E l l and El4, unlike the 
resuhs shown in Figure 4.12, where the value for the slope for compound 25 was 
approximately half the value of ehher of the other two electrodes. This suggests that h is 
the additive which is binding the silver and not the ionophore 25. The increased additive 
has the opposhe effect on the responses of electrodes E l l and E14 causing a decrease in 
response in both electrodes. These resuhs suggest that the extra binding contribution by 
additive now resuhs in these electrodes binding silvter too strongly. 
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4.3.2.2 Silver Selectivities of oNPOE Plasticised Membranes. 
-Na+ - K + Mg2+ - C a 2 + -Cd2+ -Cu2+ -Pb2+ -Zn2+ -Hg2+ 
Figure 4.14 Silver selectivities of electrodes E9 to E l 7 over a range of cations. 
The results for electrodes E9 to El7, which are shown in Figure 4.14, illustrate the 
pronounced effect the additive has on the selectivity of the membrane electrode. Lookiiig 
first at the dummy electrodes E9, ElO and E l 1, it can be seen that the 30 mol % additive in 
electrode ElO results in an increase of almost two orders of magnitude in the selectivities 
compared to electrode E9. When the additive is fiirther increased to 70 mol % in electrode 
E l 1 the selectivities are decreased across the range of cations. It is also int^esting to note 
that the highest selectivities observed are those over the smaller cations Na^ and Mg^* and 
the worst selectivity is over Hg^^. This is in agreement with the convention that the soft 
polarisable tefraphenylborate anion of the additive prefers soft cations such as silver and 
mercury over the hard cations such as sodium and magnesium. 
A similar trend is observed for the electrodes E12, E13 and El4 v/hcK the optimum 
percentage additive appears to be 30 mol %. The order of selectivity in the cation range is 
similar, with highest selectivity observed over the smaller cations Na^ Mg^* and K*. 
However, it is the electrode E12 with no additive which gives the best selectivity ovw H^* 
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with a value of log^^^^'^g = - 4.0 which is among the best values reported in the 
Uterature.39,51 This suggests that 8d is significantly more selective than the additive for Ag^ 
2+ over Hg 
The Fluka silver ionophore 25, E l 5-17 displays completely different behaviour 
upon addition of additive when compared to the dummy and 8d electrodes. The first point 
worthy of note is the optimal selectivity observed for electrode El7 which has 70 mol% 
additive; in fact it appears that the additive is playing a more active role in the selectivity 
than the ionophore. What is also interesting to note is the poor selectivities observed for the 
smaller cations such as Na^ and for electrode E16 and El7, which is the opposite 
behaviour to that observed for electrodes E9 to E15. This could be due to binding by the 
hard oxygen atom of ionophore 25 which prefers the small hard cations. 
4.3.2.3 Calibration Plots of DOS Plasticised Membranes 
A second set of membrane compositions were prepared using DOS as plasticiser. 
From the work on the oNPOE membranes the optimum percentage additive was found to 
be 30 mole %, so this amount of additive was used to prepare the DOS plasticised 
membranes. The membranes were formulated and numbered as shown in Table 4.4. 
Electrode Compound PVC DOS lonophore KTpClPB 
Weight % Weight % Weight % Mole % 
E18 - 33 67.00 0 0 
E19 - 33 66.54 0 30 
E23 8d 33 65.80 1.23 0 
E21 8d 33 65.34 1.23 30 
E22 25 33 65.80 1.23 0 
E23 25 33 65.06 1.23 30 
Table 4.4 Compositions of DOS plasticised membranes E l 8 to E23. 
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Figure 4.15 Calibration of electrodes E l 8 (dummy), E20 (8d) and E22 (25) prepared using 
DOS as plasticiser with no additive. 
Changing the plasticiser reduces the dielectric constant of the membrane from e = 
23.06 for oNPOE to s = 3.88 for DOS^^. This appears to have a pronounced effect on the 
responses of all the electrodes as can be seen in Figure 4.15. The most striking difference is 
in the decrease in scatter of the electrode E22 (25), which now appears to have a response 
of comparative reproducibility to the electrodes E l 8 and E23. This suggests that the lower 
dielectric constant has acted to reduce the sfrength of the binding of the ionophore 25 for 
Ag^. It is also significant that the linear range of all the electrodes has been extended to 
higher concentrations. Al l electrodes display good linear fits in the concentration range of 
-log [Ag] =1 to 5, compared to the linear regions of the oNPOE plasticised electrodes 
which was -log [Ag] = 2 to 5, this could also be explained by a lowering of the silver ion 
binding which allows Nernstian response at higher concentrations. The slopes of electrodes 
El8 and E23 are almost identical to those of the corresponding oNPOE plasticised 
electrodes, however the slope of E22 (-34 mV dec'') has improved considerably from the 
equivalent oNPOE plasticised electrode E9 (-21 mV dec ~'). 
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Figure 4.16 Calibration of electrodes E19 (dummy), E21 (8d) and E23 (25) prepared using 
DOS as plasticiser with 30 mol % additive. 
The effect of the additive on the DOS plasticised membrane is quhe pronounced. 
The most significant change is with electrode E23, which shows considerable scatter 
presumably due to binding by the additive. This is a surprising result, as the corresponding 
DOS plasticised membrane whhout additive (E22) showed very little scatter. It appears that 
whatever stabiHty effect the DOS had on this membrane containing 25 in E22 has been 
reversed by the presence of additive in E23. This suggests that the ionophore 25 only binds 
reversibly in a membrane of low dielectric constant such as a DOS plasticised membrane 
whh no additive, and that the presence of the addhive increases this dielectric constant out 
of the working range of the membrane. 
The effect of the change in plasticiser has a less pronounced effect on the electrodes 
E l 9 (dummy) and E21 (8d). However, the slope of the dummy electrode increases slightly 
less upon addition of addhive in the DOS plasticised membrane (i.e. E18 to E19) compared 
to the corresponding oNPOE plasticised membrane (i.e. E9 to ElO) 
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4.3.2.4 Silver Selectivities of DOS Plasticised Membranes. 
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Figure 4.17 Silver selectivities for DOS plasticised membranes. 
The selectivities across the range of electrodes are very similar, with the same 
trends evident for the DOS plasticised membranes as those observed for the oNPOE 
plasticised membranes in Figure 4.14. The selectivity series for electrode E21 (8d) with 
additive is very similar to that of the corresponding oNPOE plasticised membrane El3 
apart from a slightly better value for the Hg^ "^ . However, the effect of the additive addition 
is not as pronounced in the DOS as it is in the oNPOE plasticised membranes, resulting in a 
shift of approximately half an order of magnitude in silver selectivities compared to an 
order of magnitude. 
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4.3.3 Calibration and selectivity results using constant dilution 
The fixed interference method (FIM) was used in this section to determine the limit 
of detection and silver selectivhy of a membrane electrode prepared using 8d. This 
technique has several advantages over the separate solution method as described in section 
4.2.3.2. The results obtained whh a membrane electrode of 8d were compared to those 
obtained with compound 38 which is a 14 crown 4 used by Singh in previous work towards 
a silver ion sensor for Kodak^^. 
,0 o 
o 
38 
The electrode composhions used are based on those widely used by Moody et al i.e 
oNPOE as plasticiser with 30 mol% additive and correspond to those prepared as described 
in Table 4.324. j^^ is section E13 (8d) and a new electrode E24 (38) were compared by 
constant dilution experiments. The results for the electrode calibrations are shown in Table 
4.5 and those for the electrode selectivities are shown in Table 4.6. 
Compound 
Slope 
mV/dec"' 
Limh of Detection 
-logC 
E13(8d) 62 ±4 4.6±0.4 
E24(38) 62±5 5.0±0.4 
Table 4.5 Calibration resuhs for compounds. 
99 
The values obtained for the electrode calibrations for the two electrodes are 
comparable as shown in Table 4.5, both values are super Nemstian which is typical of this 
technique owing to a hysteresis effect as discussed in section 4.2. The limit of detection for 
E24 (4.96) is slightly higher than that for E13 (4.61) but both values are typical of those 
obtained for membrane electrodes using this technique. 
Na+ r Mg^^ Ca'" Fe^ ^ 
El3 (8d) 
Slope 
mV dec'* 
66 ± 7 61 ± 3 60 ± 2 57 ± 2 65 ± 3 
LD 
(-log C) 
4.5 ±0.3 4.6 ±0.2 3.7 ±0.2 3.6 ±0.1 4.2 ±0.1 
3.5 ±0.3 3.6 ±0.2 3.2 ±0.2 3.2 ±0.1 3.8 ±0.1 
E24 (38) 
Slope 
mV dec"' 
46 ± 5 61 ± 4 60 ± 1 60 ± 7 -
LD 
(-log C) 
2.3 ±0.2 2.7 ±0.0 2.7 ±0.1 1.3 ±0.1 -
- l o g iff 
1.2 ±0.2 1.7 ±0.0 3.2±0.1 1.8±0.1 
-
Table 4.6 Selectivities of electrodes E16(8d) and E24(38) over a range of cations. 
The electrode selectivities for the two electrodes El3 and E24 are compared in 
Table 4.6. It can be seen that the selectivities over the monovalent cations Na"^  and for 
electrode E13 are significantly better (ca. 2 orders of magnitude) that those of the electrode 
E24. The selectivities of the electrodes over Mg^* are in good agreement, which is 
surprising as a better selectivity would have been expected for electrode E13. The value for 
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Ca^* for E13 is half an order of magnitude better than that for E24. Over all E13 shows 
very good selectivity for silver and is significantly better than E24. 
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4.4 Conclusions 
The potentiometric results in this chapter report the successful incorporation of 
newly synthesised ionophores into silver selective ISE's. The binding of silver was shown 
to depend of the lipophilicity of the molecule; compound 8d functionalised with a butyl 
group displaying the best results. This compound (8d) was then compared to a literature 
ionophore (25) and a compound used in previous work for Kodak (38) and was shown to 
display superior response. Changing of the plasticiser had only a slight effect on the 
electrode selectivity and the optimum additive concentration was 30 mol % of the 
ionophore. The silver selectivity coefficients were in the order of -log K = 4 .5 for the SSM 
and -log K= 3.5 for the constant dilution method. 
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CHAPTER FIVE 
Determination of Silver 
in Photographic Emulsion 
5.1 Introduction 
This chapter focuses on the analysis of silver ion in photographic emulsions. The 
new membrane electrodes (whose composition was optimised as described in chapter 4) 
were compared to silver halide electrodes in terms of their sensitivity and response times. 
The challenges of working at high halide concentrations and working in a gelatin 
environment are first introduced 
5.1.1 The Halide Buffering Effect 
Of the problems expected when measuring silver ion concentration in photographic 
emulsions, the high halide concentration and consequent low silver ion activity posed the 
greatest challenge. The normal lower detection limit of potentiometric ISE's is in the 
micromolar range; however, the silver ion activity in photographic emulsions lies in the 
micro to nanomolar range. To simulate the silver ion concentrations in photographic 
emulsion, aqueous solutions of silver halides can be prepared. When a sample of a silver 
halide is dissolved in water, the silver and halide concentration are equal, and the product 
of their concentrations is termed the solubility product, (equation 5.1) 
AgX • Ag" + X-
Ksp = [ A g ^ i m (5.1) 
The silver ion activity can be decreased by increasing the concentration of halide. 
The addition of halide wil l cause the above equilibrium to re-adjust until the product of the 
silver and halide ions equals the solubility product. In practice, the extent of this adjustment 
has to be calculated. This buffering effect can be seen by taking the example of silver 
chloride. At 40 °C it has a solubility product of 6.31 x 10 mol^ dm"^ . At this 
concentration the silver and halide ion concentrations are equal at 2.51 x 10"' mol dm'^. The 
addition of C mol dm"^  of chloride ion to this solution results in a shift in the equilibrium, 
as shown in Table 5.1. The product of the equilibrium concentrations equals the solubility 
product, so solving the resulting quadratic equation for X yields the extent of the 
adjustment and hence the final equilibrium concentrations. 
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Concentration Ag^ 
mol dm" -3 
Initial 
Added Chloride 
Equilibrium 
5 2.51 X 10' 
2.51 X 10-
2.51 X 10-'-X 
cr 
mol dm' 
2.51 X IQ-' 
2.51x10-^ +C 
2.51 X lO'^ + C-X 
Table 5.1 Buffering effect of silver chloride upon addition of chloride ion 
The buffering effect of the chloride ion can be seen by comparing its effect at low 
and high concentrations by simulated calculations. When a sample of AgCl is dissolved in 
deionised water, the equilibrium concentrations of the silver and chloride ions are equal at 
2.51 X 10'' mol dm" .^ To illustrate the buffering effect of the silver chloride system, the 
expected equilibrium concentrations and the unbuffered concentrations (i.e. adding CI' to 
water) of silver ion were calculated for a series of additions of chloride. These were plotted 
versus added chloride ion as shovra in Figure 5.1. It can be seen that the buffering effect is 
very slight at low chloride concentrations as the buffered and unbuffered plots are almost 
identical. 
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Figure 5.1 Predicted plots of buffered versus non buffered concentrations of silver iop 
upon addition of chloride ion starting from [Ag^] = [CY] = 2.51 x 10"' mol dm'^  
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The situation is very different when one of the species is at a higher concentration, 
which is more typical. In the preparation of photographic emulsion the halide concentration 
is often of the order of 10"' mol dm"' before any silver is added. This high starting halide 
concentration strongly buffers the solution against addition of silver ion up to the point 
where the silver and halide ions have equal concentrations. A simulated titration is shown 
in Figure 5.2 
2 
^ 3 
+ 
| 4 
• Buffered 
• Unbulfered 
4.5 4 3.5 3 2.5 
-logEAgNOJ 
Figure 5.2 Predicted plots of buffered versus non buffered concentrations of silver ion 
upon addition of chloride ion starting fi-om [Cf] = 1 x 10"'mol dm"' 
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5.1.2 Gelatin 
The original role of gelatin was completely mechanical, in that it provided a 
transparent flexible medium which permitted coating and subsequent drying to form a 
layer!. However, it was soon realised that gelatin had many properties suitable for 
photography and attempts to replace it with synthetic polymers have been met with limited 
success. Silver halide grains require a medium for crystallisation, this is the property of 
colloid protection and is the ability to control crystal growth and maintain suspension. This 
property, as well as other requirements such as cross-linkability and swelling, are fulfilled 
by gelatin with such success that it is still in use in photography more than a century after 
its first use. 
The principal component is an animal protein called collagen, this is the most 
abundant protein in higher animals and is found in stress bearing structures such as skin, 
bone, cartilage and tendons^. Collagen is associated with many other substances such as 
non-collagen protein, mucopolysaccharides, polynucleic acids and lipids, which are 
removed in the preparation of gelatin. The structure of collagen is well known, 
approximately every third amino acid is glycine and about ten percent is hydroxyproline, 
which is an amino acid unique to collagen. Cystine is rarely found, and thus the di-sulfide 
bridge is not a factor in collagen conformation. The remaining two thirds of the amino 
acids are non-polar or hydrophobic. 
The interaction between gelatin and silver ion has been examined in some detail 
using a range of techniques, and it has been found that methionine is the principle 
complexation agent in basic and neutral environments^'^. Further work has shown that a 
good correlation exists between the total specific silver binding sites and the methionine 
content of gelatin^. Binding stoichiometrics of 1:1 and 2:1 methionine to silver ion have 
been found, depending on the ratios present. 
Radiolytic reduction of silver ions and the subsequent formation of silver clusters 
was studied in aqueous gelatin, and compared with parallel processes in aqueous solutions^. 
The reduction of Ag^ ions in aqueous solution leads to the formation of Ag°, which forms 
various complexes with Ag"^  resulting in formation of oligomeric clusters. These clusters 
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eventually lead to the formation of colloidal Ag particles, which can be characterised by a 
sharp surface plasmon absorption band in the 380-400 nm range. This work showed that 
the gelatin affects both reduction and agglomeration relative to absence of gelatin, the 
former being slower in gelatin containing solutions. Interestingly this work showed that the 
small clusters bind to gelatin more strongly than the Ag"^  itself This may be interpreted as 
an indication that hydrophobic interactions contribute to the Ag"^  binding. It appears that the 
gelatin can stabilise more than one type of Ag* particle, leading the authors to postulate the 
coexistence of several microdomains in the gelatinous regions. 
The photographic activity of the gelatin depends more on the substances associated 
with it than the protein itself^. These substances are numerous, and of particular interest are 
the sulfur containing compounds. These are categorised according to their photographical 
activity and include thiosulfates and thioureas which are active, and sulfates which are 
deemed inactive. Of the active sulfiir containing components the most important is cysteine 
which is derived from the protein collagen. Despite the gelatin preparation process in which 
the cysteine is significantly removed, part of this amino acid remains in the final product. 
The decomposition of cysteine involves several decomposition and redox reactions, which 
occur either simultaneously or successively. In strong basic conditions cysteine forms 
sulfide and polysulfides, which on contact with air form sulfites and sulfijr. These then 
react to form thiosulfate, which in turn can be oxidised to polythionates. The presence of 
the former has been proven experimentally, whilst the presence of polythionates such as 
tetrathionate has never satisfactorily been demonstrated. This discussion illustrates the 
plethora of sulfur containing components in gelatin, any or all of which have the potential 
to bind silver. 
Originally, the gelatin was used as manufactured, this gelatin was termed active 
gelatin as it contained active micro-components whose concentrations were adjusted 
empirically^. More recently, rigorous purification has produced inert gelatin which serves a 
more mechanical role. This has allowed a more precise addition of the active components. 
However, despite improvements in manufacturing techniques, even the purest gelatin still 
contains photographically active substances such as restrainers and reducers. 
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5.1.3 Determination of Silver Ion in Gelatin 
Early determination of silver ion in photographic emulsions was by potentiometric 
titration. This method involved addition of thioacetamide to an alkaline solution containing 
Ag^ ions which leads instantaneously to precipitation of silver sulfide at room temperature. 
This reaction proceeds in three steps, firstly the thioacetamide intermediate is produced 
(ammonia is evolved) then hydrogen sulfide along with the second by-product, acetate, and 
finally sulfide^.This precipitation method was preferred to an earlier method which 
required a hot ammonia solution (objectionable odours) and thiourea. The potentiometric 
titration of silver sulfide proceeded with a sharp endpoint i f the original solution does not 
contain a high concentration of slightly dissociated ammonia or thiosulfate complex. This 
titration was carried out in the batch mode but the hydrolysis of the by-products made this a 
time consuming procedure. 
Recently work has been published on automation of this procedure using 
discontinuous flow analysis (DFA). This is a relatively new technique which has attracted 
interest owing to its rapid solution handling and ease of incorporation on-line in to a 
process stream^. A series of Ag"^  titrations were carried out in photographic emulsion but 
difficulties were encountered in the end point determination. This was attributed to the 
slowing of the response of the silver sensor. The sensor used was a silver wire electrode 
which was prone a build up of silver sulfide on the electrode surface, this was confirmed by 
cyclic voltammetry. This work published in 1998 illustrates that the biggest problem of 
silver ion analysis in gelatin remains the choice of silver electrode. The other problems 
such as sample pre-treatment and automation have been solved through experience with 
other analysis systems. 
The silver wire electrode cannot be used in photographic emulsion owing to the 
problem of sulfide build up on the electrode. The silver sulfide electrode is also unsuitable 
owing to the nucleophilic sulfide groups on the electrode surface which attack the sensitiser 
compounds. Present technology at Kodak U.K, Harrow involves use of the silver/ silver 
chloride electrode to measure the free CI' from which the concentration of silver is then 
calculated. This is an indirect measurement and is both labour intensive and costly owing to 
the constant preparation of fresh electrodes. In this work a membrane ISE will be used to 
analyse the silver ion concentration directly. 
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5.2 Experimental 
5.2.1 Apparatus 
The potentials were recorded using a computer controlled high impedance voltage 
measuring equipment supplied by Molspin Ltd. This device was operated in the data logger 
mode which was set to take potential readings at one second intervals. Up to four input 
voltages could be determined simultaneously. The reference electrode was a silver/silver 
chloride gel electrode supplied by Kodak which was connected via a salt bridge containing 
10"' mol dm"' KNO3 
5.2.2 Potentiometric Determinations in Silver Halide Solutions. 
A saturated solution of a silver halide was prepared by adding an excess (100 mg) 
of silver halide to 25 ml of distilled water. The potentiometric cell was thermostated at 40° 
C and accommodated two ISEs and a reference electrode. The reference electrode was an 
Orion double junction electrode with an 0.1 mol dm"' KNO3 bridge solution. The potentials 
were recorded using a Molspin computer controlled data logger which was set to take 
potentiometric readings at 60 second intervals. The data were saved as text files which 
were then imported into Microsoft Excel v 7.0. 
5.2.3 Potentiometric Determinations in Gelatin. 
The samples of gelatin supplied by Kodak were solid at room temperature. A 
weighed sample of gelatin (30.7 g to provide 25 ml) was melted in the thermostated 
potentiometric cell and the data logger was initiated when the potentials of the electrodes 
had stabilised. The reference electrode was connected to the cell via the salt bridge 
assembly as shown in Figure 5.3. This consisted of a reservoir of an equitransferance 
solution such as 0.1 M KNO3 connected to an electrode body via a flexible length of 
tubing. The electrical contact was made with a wick which ran through from the reservoir 
onto the electrode body. This wick became fouled in gelatin solution and could be pulled 
through the body to expose a fresh surface. 
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Gel reference electrode 
Equitransferance 
solution 
Flexible tubing with a wick 
Electrode body 
Wick 
Figure 5.3 Reference electrode set up for analysis in gelatin. 
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5.3 Results 
In this section, the membrane electrode E13 (8d) whose composition was optimised 
as described in Chapter 4, was applied to analysis of silver ion in photographic emulsion. 
The challenges for a sensor working in this environment were described in section 5.1 and 
work in this section focused on lowering the detection limit of the electrode. This work was 
stimulated by recent literature reports of large improvements in lower detection limits in 
ISEs by buffering of the inner reference electrode. 
In recent work by Pretsch et al the lower detection limit of a lead ISE was improved 
by six orders of magnitude by buffering of the inner reference electrode filling solution 
using an organic ligand (effectively giving a 10"'^  mol dm"' Pb^'^io. An interfered cation 
which had a selectivity coefficient of 10^ was include to act as the charge carrier on the 
inner side of the membrane. In this work a buffered inner solution was prepared to provide 
an analgous system for a silver ISE. It was decided to use the chloride anion as a buffer and 
potassium as the interferent. 
5.3.1 Analysis in Aqueous Halide Solutions 
A solution of 10"^  mol dm"' KCl saturated v^th AgCl has a silver ion activity of 
-log a = 7.2, this solution was used as an inner filling solution for a silver ion ISE, and its 
performance compared to a standard inner filling solution of 10"' mol dm"' AgNOj. The 
responses of both electrodes were tested in the micro- to nanomolar range of silver ion 
activity by addition of KCl solution to a saturated aqueous solution of AgCl as shown in 
Figure 5.3. The silver ion activities were calculated using the Debye Huckel equation as 
described in section 4.1.1.2. 
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y=-108x-t-877 
y = -120x + 913 
• 10-3Ag+ 
10-7.2 Ag+ -55X + 536 
y = -57.38x +512.34 
log [aA, ] /moldm-
Figure 5.3 Comparison of the response of silver ion ISE with different inner fill solutions 
upon addition of KCl to a saturated AgCl solution. 
The response curves for both electrodes display two linear regions. The first linear 
region is between -log a = 5 to 6.5 where both electrodes display super Nemstian slopes 
and is due to formation of halide complexes^ of the form AgX„ where n = 1 to 4. In the 
second linear region, both electrodes display near Nemstian responses of 55 and 57 mV 
dec"' for the 10'^  and 10"^ ^ mol dm"^  inner solutions. The effect of changing the inner filling 
solution resuhs in an increased value of the slope but does not resuh in an improvement in 
the lower detection limit. 
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Figure 5.4 Response of silver bar and silver/silver chloride electrodes to additions of KCl 
to a saturated AgCl solution. 
The same experiment was repeated for a silver bar and a silver/silver chloride 
electrode as shown in Figure 5 .4. The responses of the solid electrodes are very similar to 
those of the membrane electrodes except that the solid electrodes respond better at 
concentrations down to -log a = -8.5. It is the silver chloride electrode which is presently 
employed at Kodak, so the response of the membrane electrode was compared directly to 
the silver chloride in further calibrations. The response of the membrane electrode with the 
10"'^ inner solution decreased over a period of three weeks and the values for slopes are 
shown in Table5.2 
Day Slope 
mV dec"^  
1 58 
14 42 
20 38 
Table 5.2 Deterioration of the response of the membrane electrode containing the 10 
Ag^ inner solution with time. 
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Over this time the membrane became opaque and appeared as if the inner 
surface of the electrode was coated with silver chloride. Three other electrodes prepared 
with chloride buffered inner fill solutions also had silver chloride coated membranes. A 
standard electrode membrane which had a clear membrane was photographed along 
with a chloride coated and these are shown in Figure 5.5 (a ) and (b) respectively. 
Therefore, the buffering of the inner reference solution with chloride ion was not 
effective in lowering the lower limh of detection but instead resuhs in fouling of the 
membrane. Better resuhs could probably be achieved by buffering with an organic 
ligand which would not precipitate on silver complexation 
(a) (b) 
Figure 5.5 The effect of silver chloride precipitation on the inner surfece of electrode 
membrane (a) standard inner fill solution and (b) silver chloride precipitate 
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5.3.2 Analysis in Photographic Emulsion 
The standard membrane inner filling (10 "' mol drh'^ AgNOs) solution was used in a 
membrane electrode for analysis in photographic emulsion and its response was compared 
to a solid silver /silver chloride electrode. The sample of photographic emulsion supplied 
by Kodak was labelled lO"' mol dm"^  CI". A series of additions of AgNOs were calculated 
to produce a simulated titration curve as shown in Figure 5.6, which included five points up 
to 10"^  mol dm"^  and five further points resuUing in a final concentration of 10'^  mol dm'^. 
+ CD < 
CO 4 
1 2 3 4 
• • 
7 
• 
5 
• 
10 
9 • 
-log [Added AgNOJ/ mol dmT 
Figure 5.6 Predicted activities of silver ion upon addirion of AgNOa to a 10'^  mol dm''' KCl 
solution 
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However, when these additions of AgNOs were made to a sample of gelatin labelled lO"' 
mol dm"' Cr the plot in Figure 5.7 resulted. These additions (indicated by the arrows in 
Figure 5.7) correspond to the concentrations calculated in Figure 5.6. 
250 
200 
TO 
150 
100 
• 
1 W 1 i 
• Membrane 
• AgCI 
0 1 2 3 4 ^ 5 6 7 
Time 
Minutes 
—1 1 "1 
8 9 10 
Figure 5.7. Addition of AgNOs (indicated by arrows) to photographic emulsion labelled 
"10 ' mol dm"' CP'. 
It is not until the concentration of added silver ion reaches 10"^  mol dm ' (i.e. after 
eighth addition in Figure 5.6) that a change in potential is observed. This could be due to 
the fact that the concentration of chloride ion is higher than 10"' mol dm"' or that this 
emulsion contains bromide anion. It is interesting to note that the silver chloride electrode 
response to chloride is slower than the membrane electrode response to silver ion as is 
evident form the potential trace for additions seven to nine. At these additions, the added 
silver ion is being precipitated by the chloride ion in solution, so that the concentration of 
silver does not change while the change in chloride ion is observable. 
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• Membrane 
5.17E-4 
6.35E-7 6.41 E-7 1.30E-6 6.31 E-7 6.31 E-7 
Figure 5.8 Addition of silver nitrate to a 10'' mol dm"' solution of KCl. 
To ensure that there was no error in the calculated additions, the identical quantities 
of AgNOs were added to a 10"' mol dm"' solution of KCl and the resultant plots shown in 
Figure 5 .8. It can be clearly seen that the precipitation of silver chloride starts after the 
added silver ion reaches a concentration of 10'' mol dm"' as predicted. The membrane 
electrode undergoes a 310 mV dec"' shift in potential on going from the chloride to the 
silver side of the equilibrium whilst the AgCl electrode imdergoes a 325 mV dec"' shift in 
the same concentration range. These potentials were measured using a data logger (see 
section 5 .2) which was set to take potential readings at one second intervals. It is significant 
that the membrane electrode shows faster response times than the AgCl electrode. This is 
evident when the responses of both electrodes are compared in the concentration ranges 
5.17 X 10"^  to 1.52 X 10'' mol dm"' and 1.52 x 10"' to 1.15 x 10"^  mol dm"' corresponding to 
the seventh and eighth additions respectively. In these ranges, the membrane electrode 
stabilises in 1 to 2 seconds whilst the AgCl electrode requires 3 to 5 seconds 
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One of the design specifications of the silver sensor for Kodak, was that h operated 
at silver concentrations on both the halide and silver side of the equilibrium and through the 
precipitation, as this simulates the environment in which the halide emulsions are prepared, 
as described in section 5.1.3. 
As the provided sample of emulsion seemed to contain more chloride than 
expected, the point of precipitation was determined experimentally by stepwise addition of 
AgNOs until a large jump in potential was observed. A series of additions were then 
formulated which allowed a titration curve to be drawn for the precipitation process from 
the halide to the silver side, labelled "Add Ag^" in Figure 5.9. Equimolar additions of KCl 
were then made to the same solution to effect a precipitation from the halide to the silver 
side, labelled "Add CI'" in Figure 5.9. As the exact composition of the sample of emulsion 
is not known, the ionic strength can not be determined therefore the potential of the 
electrodes was plotted versus added AgNOs. 
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-log[ Added Ag+]/moldm"' 
Figure 5.9 Response of membrane electrode to experimentally determined additions of 
AgNOs and KCl to investigate response near precipitation of AgCI. 
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The same experiment was repeated for the silver/silver chloride electrode and the results 
are shown in Figure 5.10. 
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Figure 5.10 Response of silver chloride electrode to experimentally determined additions 
of AgNOs and KCl to investigate response near preciphation of AgCl. 
The purpose of these experiments was to examine the response of the membrane electrode 
near precipitation of AgCl, the reproducibility of the electrodes is given by how closely the 
"Add Ag^ " and "Add CI"" potential traces overlap. It can be seen from the comparison of 
the membrane electrode response in Fig 5.9 and the AgCl electrode response in Fig. 5.10 
that both electrodes show reproducible behaviour near precipitation. This resuh is 
significant as it demonstrates that the membrane electrode response is not affected by 
interference by any components of the photographic emulsion and its response in this 
environment matches the AgCl electrode which is currentiy in use at Kodak. 
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A sample of bromide emulsion was supplied by Kodak which was labelled 5x10"^ 
mol dm"' bromide ion, the point of preciphation of AgBr was again determined 
experimentally for the membrane electrode in Figure 5.11 and for the silver/silver bromide 
electrode in Figure 5.12. 
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Figure 5.11 Response of a membrane electrode to addhion of AgNOs to a bromide 
emulsion 
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Figure 5.12 Response of a silver/silver bromide electrode to addhion of AgNOs to a 
bromide emulsion 
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The membrane electrode again displays comparable reversibility to the silver/silver 
halide electrode through the precipitation of AgBr. The lower concentration of halide in the 
bromide emulsion is evident as the point of precipitation occurs at -log [Added Ag^ ] = 2 
for the bromide and 1.5 for the chloride. The reversible response of the membrane electrode 
in both chloride and bromide emulsions is impressive as it demonstrates that it can cope in 
either environment. 
124 
5.4 Conclusions on Chapter 5 
In this chapter the newly developed silver ion electrode was tested in photographic 
emulsion. An attempt was made to follow a recent literature improvement on the lower 
detection limit but this was unsuccessful. This could be due to fact that buffering with the 
chloride ion is unsuitable or that this technique is not suitable for this electrode system, in 
fact this technique is still very recent, and is not fully understood. The electrode was 
applied to the successful and reproducible determination of silver ion in both chloride and 
bromide photographic emulsions. 
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